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ABSTRACT 
The wor. 'L%-. reported in this thesis is concerned with the 
behaviour of two high-alumaina ceramics (designated 'Sintox, 
and 'Lucalox') under single and repeated cycles of thermal and 
mechanical stressing. 
It has been demonstrated that the materials exhibit 
well-defined fatigue behaviour. The fatigue curves presented 
each jaave three distinct and characteristic featurest namely 
a high-stress plateau (tentatively referred to as an incubation 
region), followed by progressively increasing endurance with 
decrease in applied stress culminating in a fatigue limit. 
Evidence has been presented to demonstrate the 
influence of environment and surface condition on such 
behaviour, vrhilst the significance of delayed fracture (static 
fatigue) effects has been empliasised. 
Data has been presented relating to the propagation of 
thermal fatigue cracks, demonstrating step-wise growth of a 
type reported for various metallic materials, Study of the 
fracture surfaces of mechanically stressed alwnina has 
indicated various cleavage 'step' and 'river' pattern features. 
k se. -ai-empirical expression, based on considerations 
relating to accumulation of strain energy, has been deduced to 
describe the various fatigue curves obtained. 
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INTROJUUCTICII 
Present and possible future requirements in such fields 
as gas turbine developmentt rocket propulsion and atomic power 
production have created a demand for materials to supplement 
existing high temperature alloys. Considerable attention 
has therefore been devoted in recent years to detailed 
evaluation of many ceramics (oIxides, nitrides, carbides, 
borides, etc. ) which have various favourable high-temperature 
and nuclear characteristics. That such materials have not 
yet found wider application in the gas turbine and rocket 
propulsion fields may be attributed to a natural reluctance 
on the part of engine designers to employ riaterial, s lacking 
in significant ductility and suspect in their response to 
conditions of thermal stress, In the atoraic energy field 
the future of ceramics is possibly rather more assured, though 
here again, these two particular characteristics are matters 
of some concern, 
Doubts relating to thermal shock behaviour may in part 
be due to lack of reliable inforTiation, for designation of 
materials as 'fair', 'good', etc., is hardly an adequate 
basis for desinz. I-lore attention has to be directed towards 
obtaining quantitative data relating to therm. al shock behaviour 
-10- 
andl indeed, with regard to the 'brittleness' of ceramicst 
as a necessary first step to considering i-irays and means of 
improving such behaviour, and what of the behaviour of ceraLaics 
under repeated applications of stress, thermal or mechanical? 
The available data is meagre. One view is that if no 
cracking occurs during a single cycle of thermal or mechanical 
shock, then repeated application of identical stresses will 
never cause failure* But if the opposing view is trueg 
naLaely that fatigue can occurl manifesting itself as visible 
damage in a finite number of cycles, then the formidable task 
of examining such behaviourl and coziparing materials on the 
basis of such behaviour, has to be u-ndertak, en in order to 
provide reliable engineering data. 
T Ahe present work has arisen from the belief that the 
two views are really compatible, depending upon the severity 
of the conditions involved. In other words, if ceramics are 
subjected to practical fatigue effects it is only to be 
expected that individual investigations should lead to 
conflicting generalisations, depending upon the stress level 
being considered. Incidentally, it is worth co=, enting on 
the term 'practical fatigue effect', for there may be grounds 
for debate as to whether thermal cycling, for example, may 
-11- 
actually initiate damage or merely act so as to propagate 
pre-existing damage to visible proportions. 
If these views are substantially correct then, by 
analogy with the massive amount of research and development 
work which has been, and still is, necessary relating to 
metallic materials, a formidable amount of investigation lies 
ahead relating to ceramics and possibly to ceramic-metallic 
composites. TIhe present work may be regarded rather in the 
nature of a htu-ible preliminary to such a task. It has 
accordingly been considered desirable to concentrate on but 
one materiall nalaely alumina, for which considerable background 
information is available. Yet even so, the variable factors 
are still quite considerable, as will no doubt be appreciated. 
The aims of the present work may, then, briefly be stated as: - 
11 To examine conditions causing single cycle damage 
to alumina ceraraics, and, 
2, to determine the effects of repeated applications of 
stresses below such critical conditions. 
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2. LITSERATURAZI SUR71ZY 
2.1. Thermal Shock 
2.1.1. INTAODUCTICIT k body is considered to be subjected 
to thermal shock when the temperature of its surroundings is 
changed so rapidly that transient therTaal gradients, and 
hence, stresses are set up within it. If the maximum stress 
developed exceeds that brealking stress of the material 
corresponding to the mode of stressing involved, then 'failure' 
occurs. At the outset it is desirable to substitute the 
tern- Idamagel for 'failure', the implication then being that 
? damage' is manifested either as visible cracking and/or 
some depreciation in mechanical properties, whilst the term 
'failure' may be reserved for such instances where the 
depreciation in properties is such as to preclude the use of 
the material under a given set of circumstances. 
It is necessary to note that change in temperature 
aloneq there being no temperature gradientq may set up 
stresses sufficient to cause damage; for example in a single- 
phase body having anisotropic, expansion behaviour, in a 
multiphase body the phases of which possess widely differing 
expansion coefficientsq or in any body subject to volume 
changes associated with polymorphic transitions, reaction 
-13- 
effects, etc, it is reasonable then to regard previously 
defined 'thermal shochl as boing one special case of the 
broader a5pect of It'nermal stress' damage. 
The detrimental effects of thermal shock on many 
materials have long been ! znown. Mien the Voguls invaded 
Northern India several thousands of yeara ago, they destroyed 
the sacred Hindu statuest many of which were of enormous 
proportional by lighting fires around them, finally quenching 
thera rapidly by pouring on quantities of cold water and so 
shattering them. Ancient potters, tool were well aware of the 
unfortunate consequences of over-rapid heating and/or cooling 
of their wares, whilst the smiths of the early Hittite 
empire were probably familiar with the distortion and even 
cracking which could occur during and after quench cooling 
of metallic materials, 
I k1hilst the susceptibility of materials, particularly 
brittle coramics, to darnage by thermal shock has possibly 
been recognised since neolithic times, by far the major part 
of the understanding of the important features involved 
has been accumulated during Che past seventy-five years or so. 
This understanding - and it is far from being complete - has 
beeneobtained by three distinct approacheal naraely 'ad hoc' 
40 
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testing aimed at evaluating catorials for specific applications 
general theoretical analysis of the magnitude of thermally 
induced stresses and, more rocantlyq systematic experimental 
research. Each of these approacheal particularly the latter 
two, have yielded important conclusions. In the present 
survey the intention is to highlight some of the more important 
observations which are relevant to thermal shock of materials 
in Sencral and of ceramics in particular, with special 
reference to alumina ceramics wherever possible. 
2; 1,2* B.,. SIC CC14SIDERATIONS 
Resistance to thermal shock was first correlated with 
the physical properties of materials by '. 7inkelmann hnd Schott 
in 1894. They indicated that the thermal stress, (F) 
developed by rapid heating or cooling was dependent on six 
matorial propertiesq namely tensile strengtht (Z), modulus 
of elasticityq (E), coefficient of thermal expansion, (09 
thermal conductivityt ('--)t specific gravityq (S) and specific 
heatq (C)l thus :- 
F 
Ahe next major devolopment was made by Norton C239 who 
indicated that both shear and tensile stresses should be taken 
v 
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into account. Lore recently, Bradaliew 133, Buessem [43, 
Manson [53 and INingory [61, awongst, many others, have 
considered thermal stress proble=s both frow practical and 
theoretical points of view. Although their attexpts have 
not boon entirely satisfactory with respect to quantitative 
oxplanation and prediction, for reasons to be discussed later, 
they have at loast led to a much it--provod appreciation of the 
relevant factors& 
Most theoretical investigators have perforce employed 
the same basic technique, namely to determine the temperature- 
time distributions for specific simple shapes under specific 
thermal conditions as a prelude to determining the resulting 
stress distributionst or a significant critical stress. In 
modern theories recognition is given to the statistical nature 
of strength, from which it follows that probability factors 
enter into the prediction of thermal shock resistance, Thore 
are several excellent reviews of the basic theoretical techniques 
involved in such predictions C3.7-1, so only an outline need 
be presented hero. 
2.1.2.1. TEMPERATURE DISTRIZUT: 0115 3: 11 SM-., P'-Z S. -HAPBS 
Therwal strossos may arise as a result both of steady 
state and transient heat flow [33, but the particular case of 
- 
thermal shock is concern, ed vrith the u-nsteady or transient 
state, where the temperature at any point in a body changes 
with time. Thus according to Jacier 181, McAdams [91 and 
othersq the Fourier equation is applicable: - 
dt kd2t 
2 
d2t+d2t 
T-2 ý-2 
y vz 
i. e. the temperature (t) at any point in a three-dimensional 
solid changes with time (9) in a manner which is a function 
of the thermal conductivity (k) and the heat capacity (Cp). 
This precise relationship only applies when the material 
factors involved are independent of temperaturej position and 
direction - under real conditions the relationship can only, 
therefore, be approximate. Spalding [101 has shown that the 
temperature distribution for a semi-infinite slab, varies with 
the various conditions of heat transfer. At a point distance 
1x'fror.,; the wall, the temperature at first remains at the initial 
temperature (T i 
), then rises steeply, finally taking the value 
of the quenching bath temperature (TO). Even an infinite 
heat transfer value fails to eliminate the initial "delay" 
period. Similar temperature solutions for circular cylinders 
are discussed by Glenny-and his colleagues [111. According 
to the latrer, if "A" be the tenperature at any point located 
-17- 
at radius Or' within a cylinder, then the mean temperature, 
W, of the cylinder =ay be defined by 
2 
where 'a' is the cylinder radius. 
- ional They further demonstrate how IPI the proport 
drop in mean ter2peratureq i. e. 0 varies with 
ha i0 Biot modulus It 
), and a non-dinensional time parameter. 
the proportional drop in surface temperature, 
TT 
-0 i. e. T To I li%Cewise varies. 
Of is conveniently taken as the surface temperature. 
2.1.2.2. ,. "j, r; i: A; sS D7-'ST,:, '. ---3UTIOITS PITD STRZSS I-E. LSISTAITCE 
FOR Sn, IPLE S*. c-: Rr-ES. 
I, ost calculations of stress distribution are similar 
to Bradshaw's C31 original derivation for an infinite flat 
plate, though introducing the useful modifications of 
Manson 1131 and other workers. According to Manson, Men a 
flat plate at a uniform temperature is suddenly immersed in 
a Odium at a different temperature, the maximum surface stress 
developed is given by: - 
&T 
1.5 + 3.25/P - 0.5e 
-18- 
UhereAT is the temperature difference between the plate and 
its surroundings, P is the Biot modulus 
ah 
9 where a= half thickness of plate k 
h= heat transfer coefficient 
k= thermal conductivity) 
Z is the modulus of elasticity, a is the coefficient 
of thermal expausiont and p is the Poisson's ratio. 
, Then p is very large this simplifies to: - 
E. (x. aT. 
A widely used re-arrangement is to consider that whenLT 
is the temperature difference required to produce the fracture 
stress, (q")* then f 
G-f (1-0 
Cc 
This is a parameter which has conveniently been 
defined by Buessem [41 as IRI, the first thermal shock 
resistance. 
For low values of Ot the exponential term in Manson's 
fairly complex expression may reasonably be neglected giving: - 
AT = 
1.5 Irf(l - 3.25 f 
(I 
Z. a a. h. Z. a. 
i. e. AT = 1.5, Z+ 
3,25 
1-,. R. 
ah 
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Buessem ELI] has indicated that two so-called thennal 
stress resistance factors are required to describe the behaviou-- 
of an elastic solid over a vride range oil heat transfer values. 
He has suggested the following relationship between, for 
exampleg maximum quenching temperature and the two stress 
resistance factorsq namely: - 
infinite plate : ZAT = 1,511 + 
3*25 R*. 
I ah 
Sphere : aT = 2.5R + 
4.3 
0 RI ah 
cylinder JaT = 2.5R +5. RO. I ah 
M-xere is the second thermal stress resistance 
factor (=ICIR. ) 
in goneral then, &T = R(x + Y/p), vehere Ixt and ly, 
are shape factors. 
.0 
Incidentally, 11: ingery [61 has pointed out that the 
thermal stress factors mentioned apply only to conditions of 
constant heat transfer coefficient. 17here a body is heated 
or cooled at a constant rate, the effective value of this 
the heat transfer coof. Licient, changes with temperature. 
Under these conditions a third thermal stress resistance factor, 
Ile'F I is involved, 
Glenny and his colleagues [121 have computed stresses 
for simple cylinders as depicted in Figures IL2, "ilst 
-20- 
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stress analyses for spherical shapes have been performed by 
Crandall and Ging [141. In each case reasonable broad 
agreement has been indicated between theory and practice, 
2.1-3. FACT011S 1ITFLUMICING T'HAZIMAL SHOCK BEHAVIOUR 
I -- - 
Perhaps the raost important $single fact' to crystallise 
out from all the observations in the literature is that 
resistance to thermal shock is by no means a simple, intrinsic 
material property, Rather it is a combination of at least 
three seemingly distinct features which are, upon closer 
inspection, seen to be interlinked and interwoven. These are: - 
I-laterial Characteristics, such as expansion 
coefficient, thermal conductivity, strength, 
elasticity and plasticity, which are theizselves 
influencedg often significantly, by (a) bulk 
textural features, notably porosity (both amount 
and nature) and grain size, and (b) surface 
textural features, notably the absence org more 
usuallyt the presence of surface flaws. 
2. D311211SI-ONAL FACTORS. The obvious important 
features here are specimen size and shape, as 
clearly brought out by the various theoretical 
analyses already mentioned. 
w 
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ENVIIRONMEIITAL CCITDIL [TIONS. Nere the principal 
features are the temperature of the surroundings, 
rate of change of temperature of the surroundings 
and the relevant heat transfer coefficients. 
There is, too, a growing body of evidence that 
the chemical nature of the surroundings exerts 
more than a little influence on the response of 
a material to applied stress. 
MATERIAL CHARACTERISTICS 
(a) Thormal Expansion Behaviour 
It is clear fro2i the theoretical considerations 
Vnich have been outlined that the expansion coefficient is an 
important parameter, principally because the thermal strains 
developed during heating and cooling are directly related to it. 
Mlost engineering ceramics, alumina ceramics 
included, are polycrystalline aggregates - only in the case 
of isometric materials will the expansion coefficient be the 
same as for a single crystal, For aninotropic materials the 
expansion coefficients vary with crystallographic orientation, 
thus according to Ningery 1151, alumina has a coefficient of 
thermal expansion of 6.3 x 10- 
6 
per 0C norual to the C-axis, 
0- and 9.0 x 10 per C parallel to the C-axis. He has further 
indicated that stresses may arise during heating and cooling 
-23- 
because of restraints on individual crystallites and these 
may well lead to interangular fracture. The same phenomena 
may result with poly-phase materials when t1he individual phases 
have different expansion coefficients, e, g, glass-c. ontaining 
aluminas, 
(b) THERVIAL CONDUCTIVITY 
Spalding E 101 has remarkod that thermal 
stresses would not arise if materials had either zero thermal 
conductivity or infinite conductivity. Generally it would 
appear that a necessary prerequisite for good resistance to 
thermal shock is a high value of conductivity, however, as 
Kingery [61 points out, whilst this is true in relation to 
stresses arising on cooling, on heating, a high conductivity 
leads to decreased surface compressive and shear stresses but 
give a sonowhat increased centre tensile stress at short times - 
so, under particular circurastances, a low conductivity may be 
44-ý- 
advantageous. It will be appreciated, too, that whether or 
not conductivity is important 
is 
a function of heat transfer 
rate, f1rom the previously mentioned 'thermal stress resistant 
factors' it can be seen that for low heat transfer coefficients 
the thermal conductivity is most important, whilst at high 
rates of sur4s"ace heat transfer it becomes unimportant. 
-24- 
Of course different materials vary considerably in 
conductivity, from the high conductivity ceramics beryllia and 
graphite, which also have high resistance to thermal shock 1153, 
to the low conductivity fireclay materials, The relationship 
of alumina to these can be seen from Table 1, For a given 
material the conductivity may be influenced considerably by 
porosity and purity. With regard to the former, both the 
type and nature of the porosity are important factors. An 
inverse relationship between the conductivity and the percentage 
porosity in alumina has been observed by Franclý and 
Kingery [161, insofar as the influence of purity is 
concerned the amount of direct information is rather meagre, 
though the often significant difLerences in reported 
conductivity values for specific materials may well be 
attributable to the influence of impurities. Kingery 1151 
has noted that a few percent of silica in alumina may decrease 
the thermal conductivity by half. 
(C) STRENGTIH 
The failure of a brittle ceraraic, such as alumina, 
by thermal shock is due to the development of thermal stresses 
, which are in excess of its effective mechanical strength. 
Choice of a relevant value is one of the more contentious 
features of thermal stress analysis. This apart, the strength 
-25- 
11 
of ceramic materials has been shown [121 to be influenced by 
a variety of factors, but principally by what may be termed 
bulk textural features and surface textural features. 
Typical data relating to the influence of porosity on 
the strength of'alumi'na observed by Coble and Kingery 1171 show:, 7 
. 'ýtrengthq from 36000 p. s. i. 'to 14000'p. s. i.. a sharp decrease in 
with increase in porosity from 0 to 20% res, pectivelye' 
Relationships of'the'type proposed by 'Ryshkeviritch [181 ieem 
adequately to fit data for a vride range of materials': - 
009. (T = C-0 e -np 0 
Where a, = v strength at fractional porosity 'Pt, 
T= strength at zero porosity 0 
to 
The experiments of Spriggs and Vasilos [191, for 
example, relating to hot-pre ssed alumina give bend strength 
values in accordance with this expression; In' was found to 
be dependent on the temperature of hot-pressing varying between 
6 and 9. 
There iS relatively little information in the literature 
concerning possible influences of the type of porosity. 
Intuitively it is to be expected that pore shape is most 
significant with respect to the action of pores as "stress 
-26- 
raisers". On the other hand pores, particularly large pores, 
may interfere with crack propagation by locally reducing the 
elastic stress concentration at a crack tip [201. Brown 
et al. [211 have derived various theoretical expressions 
demonstrating the influence of porosity and pore shape on 
material strength, but there is no experimental confirmation 
of their suggestions. 
Grain size is also a significant factor with regard to 
strength, as is demonstrated by the following empirical 
expressions due to Spriggs and Vassilos [19]: - 
s= 86tOOO GI/3 p. soi, for alwnina 
and, S= 50,000 GI/6 pos. i. for magnesia. 
These workers have also deduced a combined relation- 
ship between strength, S, grain size, G, in microns, and 
fractional Porosity, P, thus, for alumina: - 
(-o. 6 + 3.33P) -83P, S= 142,500 G e-l I 
at room temperature 
andf S 73,000 Q 
(-0.6 + 3.33P)o 
e-11.32P I at 1200 
0c 
in accordance with the Knusden [221 relationship, 
-bP S= ICG-! 0 
Porosity and grain size are essentially, though not 
entirely, bulk textural features, However, the most damaging 
-27- 
stresses associated with rapid cooling are surface tensile 
stresses. It is now well known 1231 that surface nature 
influences material strength very considerably and, it is to 
be supposed, also influences thermal shock behaviour, though 
there is no conclusive data available in this latrer respect. 
It may readily be shown [241 that the theoretical strength 
of a material should be of the order 
E /109 rather than the 
more usually determined values in the region of 
E /100 to E /10001 
Griffiths[251 ascribed the loimess of actual values to the 
presence of flaws of the order of 10- 
1 to 10- 2 cms. in length, 
mainly surface flaws capable of catastrophic propagation 
above a critical stress, given by 
By 
where E= Youngts modulus. 
c= crack length and y= surface energy of the fractured 
surface, Uhilst the theories of Griffiths and the many 
modern modifications are relevant to any study of thermal shock 
behaviour, these will be 4nlarged upon later* 
(d) RESIDUAL OR INTZIUTAL STRESSES 
In his experiments on themial endurance of glass articles, 
Douglas [263 demonstrated a lowering of thermal shock resistance 
after annealingt the water quench range causing failure 
decreasing from 1450C to 120 0 C, the heating shock range 
-28- 
decreasing from 477 0C to 4260C, for test specimens. 
The effect was attributed to relief of previously 
developed compressive stresses during annealing. Hynd 1271 
has confirmed that compressive residual stresses in glass 
articles invariably strengthens the material. Alman and Black 
[281 observed that prestraining of glass could cause an 
increase of strength from an initial value of 7000 P. S. i. to 
as much as 32,000 p. soie Coble [291 howeverl has indicated 
that applied stresses and residual stresses are usually additive, 
effectively lowering tlie strength, citing the instances of 
graphite and urania, Insofar as various glasses and alumina 
ceramics are concerned it appears that so-called Itthermal 
conditioning", which essentially involves rapid cooling at a 
rate less than that leading to thermal shock failure followed, 
oftent by reheating to a temperature slightly below the 
maturing temperature, leads to increased strength, Hummel and 
Lowery 1301 obtained a 75Y5 increase in strength for lead- 
silicate glass and a 42yo increase for a 25% alumina ceramic by 
cooling quickly from 750 0 C. Smoke et. al. E311 obtained a 21% 
increase in strength by rapid cooling of a steatite body, 48Yo 
for a mullite body and 36% for a high-alumina ceramic. In 
later work they reported 023 strength increases up to 75% for 
-29- 
an 85% alumina ceramic and 111% for a 95% alumina materialf 
attributing the effect to the tempering of the glassy phase, 
Similar results have been reported by Priest and Talcott 13332 
whilst Graveley 1341 has also denionstrated strengthening of 
barium titanate compounds, ascribing the effect to pre-stressing 
of the"glassy phase at the surface. In the absence of a glassy 
phase, then, such strengthening effects should also be absentl 
as has been demonstrated by Insley and Barczak 1353. They 
found a 60% decrease in the modulus of rupture of Linde alumina 
(99.9ýi alumina) after quenching from a firing temperature of 
17400C in a blast of air - material vrith a glassy phase 
increased in strength by 30%. In the latter case they showedl 
by surface removal of the strengthened materiall that the effect 
was volumetric rather than surface controlled, possibly due to 
the prevention or ex-solution of components soluble in the 
crystalline phase. 
(0) ELASTICITY AND PLASTICITY 
In theoretical thermal stress analysis 
perfectly elastic materials are assumedl with obedience to 
Hooke's law up to the breaking stress. Doubts could be raised 
as to the validity of such assutaptionst for, it has been 
observed that elasticity modulus varies with temperatures 
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grain size and porositys e. g. the modulus of elasticity of 
alumina was found to vary inversely with porosity at all 
temperatures, between 25 0 to 120006 1171. 
There is little doubt from the available literature that 
substantial differences in thermal shock behaviour are exhibited 
by 'elastic' materials on the one hand and those having a 
'plastic' response on the other. According to Kingery[151 the 
effect of ductility or plastic flow at elevated temperaturps is 
known to be appreciable. Numerous experiments have shown that 
at temperatures where ceramics exhibit plastic or viscous flow, 
thermal stress failure is negligible. 
(f) TE14PERATURE DEPE11DENCZ, OF MATERIAL PROPERTIES 
It r. -tay be contended that the use of the 
most sophisticated thermal stress analysis becomes of little 
value unless account is taken of the temperature dependence of 
the relevant material properties. Typical data for high 
alumina ceramics are presented in Figures 3 and 4, E121. 
Examination of various calculated [61 thermal stress factors, 
indicates that there is a lowering both of thermal resistance 
factors R and V with increase in temperature, but at high 
temperatures both decrease due to plasticity effects. 
A problem which arises is as to which temperature should 
be used for evaluation of specific material properties. Neither 
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the average body temperature nor the maximum body temperature 
during shock are used - but conventionally [61 a value of 
0.8 - 0.9 that of the maximum temperature is usual. 
Before completing this section on material properties 
and their significance, it should be pointed out that whilst 
it is possible to determine or to predict the influence of, for 
example, porosity and temperature on individual properties, some 
caution is necessary with regard to prediction of such a 
composite property as resistance to thermal shock. As has been 
shown, there are reasonably clear-cut relationships between, for 
exampleg porosity and strengthq elastic moduli, thermal 
conductivity - all decrease substantially with increase in 
porosity, but no immediate and confident statement can be made 
about the thermal shock behaviour. According to Coble and 
Kingery 1171, the thermal stress resistance of alumina does 
decrease with increase in porosity, reaching about one-third 
of the maximum density value at 30% porosity, thereafter 
remaining constant up to above 55% porosity, They noted, 
however, a considerable scatter in experimental results, 
"typical of thermal stress testing". Similar remarks may be 
made with regard to temperature effects. Since thermal stress 
depends on many different physical properties, the deviations 
to be expected between theory and practice, and even between 
nominally identical tests, are related to all the individual 
deviations. 
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2.1-3.2.61MENSIOTIAL FACTORS 
All reasonabl6stheoretical analyses of thermal 
stress include some dimensional factor, predicting that for 
moderate rates of temperature change thermal stress resistance 
I 
is inversely proportional to specimen dimensions. Manson E361, 
has demonstrated the validity of this statement for steatite, 
as have Glenny and his colleagues [11] for a high-alwmina 
ceramic. However, the fact that susceptibility to thermal 
shock failure increases with specimen size is not due entirely 
to associated variations in the Biot modulus. On the basis 
of statistical flaw theories of brittle fracture it follows 
that some decrease in strengthl and hence thermal shock 
resistance, should result from increase in specimen size, as 
indicated by Tabata and Moriya 1371, and confir-ined by 
Murgatroyd 1381. 
The effect of shape is no less important 
and is demonstrated by the inclusion of a shape factor in the 
various equations of thermal stress resistance proposed by 
nuessem [4]. The significance of edges and corners must also 
be considerable if only with respect to the development of near 
infinite heat transfer valises, as postulated by Goodier 1391. 
Whitman et. al. [401, quenching turbine blade shapes in water 
observed that cracks originated from edges, though this appears 
to be contrary to the original assumptions made by Bradshaw 131. 
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2.1.3-3. ENVIROMENTAL CONDITIONS 
TEMPERATURE 
One of the principal effects of temperature 
k 
on thermal stress behaviour of materials is its influence on 
the main parametersq viz., expansion coefficient, thermal 
conductivity, specific heat? strengthq elasticityt etc. 9 as has 
already been indicated. The overall effect of temperature 
levelq thoughq is somewhat less than might be expected frcm 
perusal of the temperature-dependence of the material properties- 
there is clearly a certain amount of cancelling out with regard 
to such temperature effects. This is deinonstrated by the 
data[61 presented in Table 2. However, such data refers to 
temperature levels at which the materials considered exhibit 
essentially elastic behaviour. The broad implications of 
information relating to metallic materials [411 is that ceramic 
materials should exhibit improved resistance to thermal shock 
at temperatures at which an appreciable degree of plasticity 
exists, plastic flow enabling relief of thermal stress. 
(b) RATE OF CHANGE OF TEMPERATURE 
Thermal strains are a function of the 
temperature distribution throughout the body of a material, 
which varies with time as has already been noted. Apart from 
such material characteristics as thermal conductivity, specific 
heat, etc., a principal factor is the heat transfer coefficient 
relevant to the heating or cooling ipedium. Its significance 
is well brought out by Figure 5 due to Kingery [6]. 
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CHEMICAL ENVIRON14ENT 
For materials which are obviously reactiveg e. g. 
graphite in oxygen at elevated temperatures, substantial influence of 
environment an mechanical properties are to be expected. 
Alumina is less obviously capable of environmental reaction, 
but, the fact that it exhibits Idelayed1fracturel may well be 
attributable to what is essentially a corrosion effect [421. 
There is no direct informationt however, relating to the 
influence of corrosive environments on thermal shock behaviour. 
2.2. THERMAL FATIGUE 
INTRODUCTION 2.2.10 
In the present investigation the term thermal 
fatigue has been taken as indicating damage or failure caused 
by repetitive cycles of thermal shock. The literaturel however, 
provides no such clear-cut recognition of the term insofar as 
ceramic naterials are concerned, though it is generally appreciatell 
that metals and alloys are subject to damage by repeated stressin 
indeed, more susceptible than to damage by single applications 
of thermal shock. This is clearly demonstrated in Glenny's 
excellent review [413* 
2.2.2. GENERAL CONSIDERATIONS 
With brittle ceramics, particularly commercial 
refractories, usual tests for thermal shock resistance have 
taken the form of limited repeated thermal cycling - as in the 
various panel spalling tests. In one such testv 
materials withstanding what Chesters 1431 has termed a 
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It mYitic 30 plus" cycles are considered to have good thermal 
shock resistance. Likewiset Schonborn [441 has recommended 
a test involving up to ten thermal stress reversals for glassq 
as an alternative to incremental thermal shock tests. it 
cannot be presumed, however, that such tests have arisen from 
I 
any belief that ceramics 
it is more likely a form 
erratic response of such 
the wide 'scatter bands' 
physical properties. 
Xingery[611 has r 
may be damaged by fatigue processes - 
of 'insurance' against the often 
materials, principally by virtue of 
associated with their mechanical and 
emarked that no indication is available 
that fatigue due to repeated stressing occurs for brittle solids, 
failure during repeated cycling being merely accentuation of 
single cycle damage. He goes so far as to assert that where 
material properties and testing conditions remain absolutely 
uniformt materials should either fail on the first cycle or 
should last an infinite number of cycles. Kingery has cited 
the work of Lindman and Bobrowsky 1451, in support of this 
contention, though it is worth noting that these workers 
defined infinite life as being but 25 cycles. There are many 
instances in the literature of this view. In recent years, 
however, Glenny [4639 has cast doubt on it, Employing heated 
and cooled fluidised beds as media for specimens intended to 
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simulate the behaviour of gas turbine blades. He has shown 
that variouscoramics may require many hundreds, even thousands, 
of shock cycles before visible damage and eventual failure 
occurs - see Table 3. Of coursel in the absence of a reasonably 
complete fatigue curve it may still be argued, with Kingery and 
many others, that failure after a large number of nominally 
sub-critical cycles of thermal shock might be due to some stress 
fluctuation or modification of material properties. 
2.2.3. THEORETICAL CONSIDERATIOUS 
Whilst there is a copious literature relating to 
theoretical aspects of the thermal shock of brittle materials, 
little or no guidance is available relating to repeated cycling. 
For metallic materialsl howevert the position is entirely the 
reverse. Many reviews-are available relating to such materials 
141,471, these indicate that most experimental data for thermal 
fatigue - or strain cycling - may be expressed as 
Ep IN 
aB 
where Ep Plastic strain per cycle 
11 Cycles to failure 
a= Constant, generally= J 
B= Constant, closely related to tensile 
strength. 
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Although developed empirically by Coffin and others [481, this 
expression also has a reasonable theoretical basis, as shown 
by Martin [491, and discussed by Benham [501. 
2.3. MECHANICAL FATIGUE 
2.3-1. INTRODUCTION 
Failure of metals subjected to reversed or 
alternating stresses lower than their static breaking stress - 
designated as "fatigue" - is probably more common than static 
failur6o The usual method of expressing data is in terms of 
the familiar S-N curve, stress being plotted on either a 
linear or logarithmic scale against the number of cycles to 
cause fracture shown logarithmically. The three characteristic 
forms of the S-N curve are depicted in Figure 6, curve 'At 
representing a fairly well-defined fatigue limit characteristic 
of ferrous materials and certain aluminium alloys, curve ICI 
representing the behaviour of most non-ferrous metals. The 
$stress-plateau depicted in curve IBI should be noted. 
According to Thompson and Wadsworth [51], surveying 
the results of barlier workersý, fatigue of metals is a surface 
phenomenon. Damage appears usually to initiate at surfaces, 
often making a first appearance as slip-band disturbances 
possibly after but a few per cent of the actual life, eventually 
forming visible cracks which propagate spontaneously to fracture. 
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The-most striking'characteristic of fatigue failure 
even of ductile materials is often regarded as being lack 
of deformation, though it is now authorittively considered 
151,52,531 that some plastic deformation always takes place 
during a fatigue test, at all effective stress levels, 
Fatigue results from the cumulative effects of cyclic 
strains, either elastic or plastic 1541. Elastic strain, it is 
suggested, being associated with minute displacements (perhaps 
about 0.001 of a lattice spacing) is not likely to initiate 
flawsq but may cause propagation of existing flaws. On the 
other hand, plastic strain may cause both initiation and 
propagation of damage. Wood 1551 has described two fatigue 
mechanisms, designated as IHI and tPI mechanisms associated 
with high-stress - low cycles and low-stress - high cycles to 
failure respectively. 
These broad observations relate to metallic materials, 
but what of ceramic materials? Are they in fact, susceptible 
to fatigue? If they are, is it true fatigue, i. e. incorporat- 
ing initiation and propagation of damage, or merely propagation 
of pre-existing damage? Can the behaviour of ceramics be 
expressed in terms of an S-N curve? If it can, does it bear 
any similarity to the various metallic fatigue curves - for 
example, is there a fatigue limit? Is such fatigue a surface 
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phenomenon - and can it be detected prior to gross damage? 
Is any plastic deformation likely? ilhat is the mecIlianista of 
fatigue? These are reasonable questionsl but there are few 
clear-cut answers to be found in the available literature. 
Here it is proposed to note and comment upon some relevant 
observations. 
2.3,2,, FATIGUE OF BRITTLE MATERIALS 
Attention has already been drai-m. to the comments 
of Kingery [61, expressing the widespread view that brittle 
ceramic materials are not subject to true fatigue - that such 
materials either exhibit single-stroke static failure or that 
failure occurs during repeated stressing as a result either of 
rapid propagation of damage caused during single-stroke stressing 
or rapid propagation of pre-existing flaws, Ilt is difficult, 
if not impossible, at the present time to dispute such a view 
especially when it may be postulated that damage may be of 
sub-microscopic dimensions. On the other hands clear support 
for this view is apparent from the work of Fegredo and 
Greenough 1561 on single crystals of zinc at -1960C, Mccammon 
and Rosenberg 1571 on iron at siuilar low temperatures, Johnston 
and Gilman 1581 on lithium fluoride, and many wori: ors 159,601 
on sodium chloride. As Williams points out in his interesting 
review 1541, these are all materials for which cross-slip is 
4 
-43- 
difficult if not impossible. Fatigue failure has been 
reported by )4cEv: Lly -and Machlin [611, in silver chloride 
and thallium bromoiodidej on the other handlin which cross-slip 
is easy. 
According to Forrest [623, fatigue is not confined to 
metals, but may be possible in woodl concrete, plastics, and, 
even human bone. 
Thero is a wealth of information available relating 
to glass* Howevert unlike metallic materials, fatigue In 
glass seems to denote deterioration of strength under static 
loading - if it is a time-dependent rather than a cycle- 
dependent phenoraenon; a static rather than a dynamic effect, 
This is well brought out by the data of Gurney and Pearson [633. 
Pearson [4219 has also observed such 'delayed fracture' or 
'static fatigue' effects in sintered alumina tested in airl as 
has Williams [641, The lattert howevert has demonstrated that 
alumina is also susceptible to dynamic fatigue* 
Fatigue behaviour in cleaved magnesia single crystal has 
been observed by Cornet and Gorura [651. However, the absence 
of any fatigue phenomena in etched single crystals of magnesia 
has led Weil [661 to the conclusion that fatigue can be fully 
discounted in ceramic polycrystals. 
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Clearly there is lack of agreement on the fundamental 
issue of whether or not ceramics are subject to dynamic fatigue* 
It has previously been pointed out that resistance to 
thermal shock is not a simple intrinsic material property. A 
similar view may be taken of the response of materials to 
dynamic stressingi and it is, accordingly, relevant to consider 
some of the possibly important parameters. 
2.3.3. FACTORS INFLUE11CII-1G. FATIGUE BEHAVIOUR 
(a) APPLIED STRESS 
Forrest [621 has denoted the stress conditions 
in various testing methods in terms of the parameter SmtS a' 
where S is the 'static or mean stress and Sa is the alternating 
stress equal to half the stress range, as shown in Figure 7. 
A number of theoretical and empirical relationships have been 
derived, [67,68,69,703, linking applied stress and 'life'. 
Typical expressions are listed in Table 4. 
From a fundamental point of view the significýince of 
stress lies in the strain effects so produced, princtpally the 
relative contributions of elastic and plastic strain. 
i 
According! 
to Kingery 1151 no plastic deformation is observed with alumina 
except at temperatures above about 1000 0C- it might, however, 
be unwise to assume that this applies to commercial alumina [641, 
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wherein the bond may contribute substantially both to static 
and dynamic behaviour. Additionally whilst extrembly minute 
amounts of plastic deformation may be undetectable, may even 
be unimportant, in single cycle static testst pronounced effects 
have been reported in multiple dynamic tests 1553. 
(b) CHEMICAL ENVIROMMIT 
There is an ever-growing body. of literature 
demonstrating the dependence of the mechanical properties of 
metallic and non-metallic materials on the chemical environment. 
Mountvala and Murray 1713 observed formation of hydrates on 
the surface of single crystal alumina 
17 
after exposure to 
moisture at 180 
0 C, causing impairment of strength. Subsequent 
heating at 400 0C in dry argon led to dissociati6n of such 
hydra - tes and recovery of strength. Howeverg polycrystalline 
'Lucaloxf did not show such impairment under similar treatment. 
Charles 1723t has carried out static bend strength determina- 
tions on #Lucaloxt under various atmaosphere and temperature 
conditions, observing lower strength values. in the presence of 
moisture though the effect was more marked for single crystal 
sapphire. Veil [661 has also demonstrated the significance 
of environment on commercial alumina. williams [641, has 
pointed out ihat normal fatigue tests perf orm ed in air should 
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properly be described as corrosion-fatigue tests, the results 
obtained being dependent on the nature of the environment. 
Following the work of Charles 1721, Shand 1733, and many others 
on various glass materials it may be argued that 'static 
fatigue' or 'delayed-fracture' phenomena are in fact entirely 
dependent on environment-material interaction under stress. 
Pearson's work on alumina 1423, is in agreement with this 
view - the time-dependent weakening in air% absent in vacuum 
tests, may be considered to be a result of chemical attack of 
highly stressed material at the ends of Griffith's cracks, 
Williams [641 has carried out dynamic fatigue tests on 
sintered alumina in air and also employed specimens for which 
the atmosphere was excluded by their being coated with silicone 
resin. In the latter case the material was found to be more 
resistant to fatigue, - "indicating that the delayed fracture 
aspect has been largely suppressed". Williamsl however, 
also implies that dynamic fatigue behaviour may be influenced 
directly by environmentt in a physical rather than a chemical 
manner, lie suggests essentially, that moisture entrapped in 
a discontinuity or crack acts as a fulcrum, causing the crack 
to open up and extend under dynamic stress. Forsythts 
work 1741 on silver chloride appears to give some support 
to this view. 
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SURFACE CONDITION 
It is well known that the dynamic behaviour 
of metallic materials is very dependent on surface condition 
[621 as is the static behaviour of ceramics and glasses. 
Apart from the observations of Williams [641 no information 
is available relating to the effect of surface condition on 
dynamic stressing of ceramicsj though a substantial influence 
is to be expected, 
(d) STRAIN RATE AND--FRE(4UEITCY 
The researches of Gilman and Johnston 1751 
on lithium fluoride crystals have demonstrated that dislocations, 
which are responsible for deformation processes, have a speed 
of motion and that this speed is stress-dependent* It is 
then arguable that if the application of a stress pulse is 
sufficiently rapid for that pulse to pass through a solid 
before dislocations have time to mobilise themselves# then the 
material should display greater strength than otherwis*e would 
be the case, It has been found in metallic materiale 1761 
and in single crystals of magnesia and sapphire 1771 1781 that 
the yield stress does indeed rise with increasing strain rate. 
However, there is but little evidence available relating to 
possible strain rate effects on polycrystalline ceramics, 
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particularly at low temperatures where plastic deformation is 
not obtained - or, more accurately, where gross plastic 
deformation is not observed. Kingery [61 has-observed that 
aluraina fails in a brittle manner, even near to its melting 
point# when tested under rapid straining conditions, but that 
substantial deformation occurs at low strain rates. Astbury 
and Davies 1791 have stated that high rates of straining, 
sustained for very short periods, represents one of many 
circumstances under which brittle fracture occurs. 
In repeated stressing tests, high strain rate and high 
frequency are essentially synonymous. Certainly the behaviour 
of metallic materials may be substantially influenced by the 
frequency of cyclic stressingg although, as Harris [681 points 
out there is often considerable divergence in experimental 
data. Broadlyq fatigue strength has been shown by many 
workers to increase with frequency, either continuously as 
with copper and aluminium [801, or, as demonstrated by Lomas 
et. al, [811 for various steels, to a peak value. The 
comments of Forrest [621 seem to be quite plausible, namely 
that there are three important factors: - 
(i) The higher the frequency the less is the time 
available for plastic deformation to occur. 
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(ii) Corrosive effects which reduce the fatigue strength 
and which are time-dependent are likely to be most 
pronounced at low frequencies. 
At high frequencies the increase in temperature 
associated with internal friction may be expected 
to be most pronounced, 
Each of these factors may possibly be expected 
to be relevant in the case of ceramics as they are for many 
metallic materialsl but the experimental evidence ist as yet, 
meagre. 
2.4. MECHANICAL SHOCK AND IMPACT FATIGUE 
2.4.1* INTRODUCT. ILON 
It is generally considered that the use of 
ceramics as structural engineering materials is restricted 
by their 'brittleness', which is manifested as suspect 
resistance to thermal shock and poor resistance to mechanical 
shoch - poor impact resistance. Curiously there is by no 
means an abundance of information available relating to the 
impact behaviour of ceramic materials. It is relevant to 
enquire whether'repeated impact may be detrimental - that is, 
whether a fatigue effect exists. In this field there is but 
little information, even with regard to modest 'every-day' 
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impact velocities of a few feet per second. Possibly the 
lack of data may in some measure be attributed to difficulties 
experienced in obtaining reliable, reproducible resultsl 
especially when employing machinest modified though they 
may be, originally designed for testing metallic materials. 
2,4,2, MECHANICAL SHOCK (314PACT).. 
In introducing this section a distinction has 
been made between 'impact strengthl and possible failure 
associated with repeated rapid stressing. In much of the 
early relevant literature, however, the assumption is made 
that repeated blows do not unduly influence the response of a 
brittle material to rapidly applied stress - accordingly 
incremental test methods have been widely employed. For 
example, Navias [821f who attempted to correlate the impact 
and static strengths of electrical porcelains, draws attention 
to the A. S. T. M. "resistance to impact" testt introduced in 
1920, in which a 1.87 lb. hammer was allowed to fall onto 
a test disc, III' in diameter and It' thick, from a height of 
611. In the absence of failure after 20 blowst the height 
of fall was increased to 711, and so on, until eventual fracture, 
Navias criticised the test on the grounds that weakening of 
the specimen might occur under an "accumulation of blows". 
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He also provided a brief but useful survey of some of the 
machines available in the early part of the century for testing 
brittle materials. These were, essentially, of the'two main 
types currently available, namely "drop-weightilmachines, in 
which a standard weight was dropped on to the horizontally 
held specimenj as in the A. S. T. M. test, and "pendulum" machines, 
wherein a swinging hammer was allowed to strike a spdcimen held 
horizontally (charpy type) or vertically (izod type), velocity 
of impact again being varied by the height of fall of the 
hammer. I 
Although the amount of published interest in the impact 
behaviour of ceramics has been rather meagre in the years 
between the early work of Stanley and Hromatko 1833, on hotel 
china in 19199 and that ofq for exampl*9 Kingery and Pappis [841 
in 1956, or Dinsdale and his colleagues 1851 in 1962, Never- 
theless there has been activity with regard to investigating 
the significance of different types of test in relation to 
machine, test piece, and operating condition variables - though 
much of this work has stemmed from the need to evaluate rather 
less "brittle" cerriets and plastics. Actually, insufficient 
attention has yet been devoted to interpretation of data - 
reproducibility has necessarily been the main preoccupation of 
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worhers on this topic, Amongst the factors which are relevant 
in this respect may be noted the following: - machine rigidity, 
gripping conditions, impact velocity, test specimen typet and 
the so-called "toss-factor". 
Brieflyl despitO precautionary measures materials of 
the same "toughness" have often been observed to exhibit 
different impact values in different machines. Bluhm. [861 
has attributed such discrepancies, at least partially, to 
lack of rigidity of testing machinery. williams [643 has 
pointed out that specimen gripping conditions may have 
significant effects on measured impact strengths - he advocated 
the use of nickel foil between specimen and grips, Soxman 
et. al. 1871t Probst and McHenry [883 in their study of the 
impact strengths of various cer. mets, and Adams [893f testing 
styrene plastics, have confirmed the importance of grippiiýg 
conditions, including gripping force and grip materials. 
Probst and McHenry obtained an impact value of 11,1 in, -lb, 
for a particular cermet when using hard transite grips, but 
could not break their test specimens even at the full machine 
capacity of 62 in, -lb. when employing softer grip materials* 
'Whilst impact velocity is clearly [891 a factor of 
significancel it is often difficult to separate the effects 
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of its variation from the energy absorption characteristics 
of the testing machine, as demonstrated by Bluhm [861, and 
the strain-rate sensitivity of the material itself. Thust 
whilst impact values for particular materials have g9nerally 
been observed to increase with increasing impact velocity, the 
relative contributions of test machine, specimen grips, and 
specimen itself requires closer examination, 
The nature of the test specimen also requires standard- 
isation before reliable comparisons can be made for different 
materials. Dinsdale et. al. [851 demonstrated that the 
impact strength of an electrical porcelain increased rapidly 
as length-to-diameter was decreased below a critical value 
of about 20: 1, These workers have commented that whilst 
specimen notching is usual in testing metallic materials in 
order to produce concentration of stress and to limit plastic 
flowq accurate notching of ceramics is difficult and may 
indeed lead to unnecessary complications. Incidentally, 
Dinsdale and his'colleagues obtained a reasonable linear 
relationship between irapact strength and modulus of rupture 
for most of the materials they tested, including several 
alumina ceramics. This was attributed to what was regarded 
as the characteristic behaviour of such materials, namely their 
failure at',.. a sensibly constant critical strain of about 0.1%. 
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2. It. 3. REPEATED hECHANICt%L SIIOC'Ai, (IMPACT FATIGUE).. 
Attenpts to determine whether or not impact 
fatigue effects exist seem to have been confined to repeated 
shock tests on Icermetsi (i. e. ceramic-metallic comppsites) 
and the so-called 'Plastics'. 
The work of Soxman and his colleagues 1871 on 
nickel bonded titanium carbide cermets has been widely quoted. 
It was observed by these investigators that, with drop-weight 
and pendulum tests, repeated impacting resulted in a lowering 
of the impact value for failure particularly at elevated 
temperatures, Though the effect was relatively slight at 
room temperature (see Figure 8) it is worth noting that the 
number of impacts involved was only of the order of ten or so, 
In this respect the work of Lubin and Winans 1911 on various 
phenolic and cellulose plastics was rather more convincing, 
as demonstrated by Figure 9. 
No relevant data has been found for ceramics - 
indeed, many impact strength determinations, based as they 
are on increment tests, utilise the assumption that repeated 
blows do not influence such materials. 
2,5, INITIATICN AND PROPAGATION OF DAMAGE 
It is considered worthwhile to deal separately 
with this topic though it embodies the whole essence of the 
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behaviour of materials under stress, whether static or dynamic, 
whether thermal or mechanical. Indeed it is a topic having 
such wide-reaching implications that really it merits a 
comprehensive review in its own right, rather than the few 
brief notes contemplated here. 
Whilst a reasonable starting point would be to define 
what is meant by Idamagell there is no satisfactory concise 
definition available. Perusal of the now vast literature 
on the mechanical behaviour of materials, though, leads to the 
conclusion that four main conditions are generally recognised 
and that recent and current researches are concerned, 
intentionally or indirectly, with 'filling in the gaps' between 
these main conditions, These four conditions relate to: - 
(a) Flaw-free material having theoretical strengthq eogo 
freshly-grown single crystals and freshly-drawn fibres 
represent the closest approach. 
(b) So-called GriffithIs flaw material having normal 
technical strength largely governed by statistical 
considerations. 
(c) Grossly. cracked material, usually regarded as having 
Tailed' and thus rarely used for load-bearing purposes 
despite the fact that it may have a useful degree of 
strength, 
Complete fracture* 
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Insofar as engineering ceramics are concerned, Mite 
[921 has pointed out that flaws are probably always present, 
Indeed, this is probably true for most technically employed 
materials. They cannot readily be prepared in an undamaged 
condition, and their use really involves the propagation of 
pre-existing defects - or damage. 
Whilst, as Wood 1551 has pointed out, any final 
explanation of fatigue must involve initiation and movement 
of lattice defects - or sub-microscopic defects - which 
control deformation and fracture processesl - it is the 
propagation of cracks which governs the engineering usefulness 
of materials in general. Unfortunately, as far as ceramics 
are concerned, direct experimental data is scarce, as is clear 
from Williams nevertheless interesting survey 1541- 
Thompson and co-workers [511, Wadsworth and Hutchings 
1931, Wood 1551 and many others have observed that, in metallic 
materials subject to repeated stressingt visible cracks grow 
fror. 'regions of disturbance', usually slip-bands, such regions 
being detectable at 1- 3Yo of the relevant fatigue life. No 
similar observations have been reported for ceramics. Indeed, 
'Williams' examination of fracture surfaces in fatigued alumina 
[641 did not indicate progressive failure. Again, Frost and 
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Dugdale [941, Head 1951, Harris [681 and many others have 
demonstrated that crack propagation during repeated mechanical 
stressing of metals and alloys may be readily expressed thus 
L (C - 11) 
where a and C are constants, 
L refers to crack length achieved in N 
number of cycles. 
No comparable evidence has been presented relating to ceramics, 
though Glenny and his co-workers 111,121 have demonstrated the 
significance of applied stress - or degree of shock - on the 
development of cracks in a high alumina ceramic during single 
cycle rapid heating and cooling. 
3. EXPERIMENTAL MATERIAL 
The materials used in the study were polycrystalline 
commercial impure alumina, supplied under the trade name of 
"Sintox" and 99*99)tpure "Lucalox" alumina. 
The Sintox contains 95% alumina with no microscopically 
detectable glassy phase; the impurities being in solid 
solution, The chemical analysis of these materials obtained 
from the supplier is shown in Table 5. - The materials being 
the same as used by Glenny [121, the physical properties 
were not separately measured but were depicted from his 
observations shown in Figures 3 and 4. The tensile 
-6o- 
strengths varied between 17ý000 p. s. i. and 23,900 p. s. i., and 
a mean tensile strength was 189130 p. s. i. Cylinderp of 
length 2 inches I and 3/16 inch 
± 2% diameter were s-4pplied. 
A small batch of Lucalox alumina of 1/4 inch diameter 
and I inch long cylinders were supplied. The physical 
properties of these cylinders were obtained from the supplier 
and are shown in Table 6'.. 
The characteristic carbon replica photom. icrographs of 
the cylindrical surfaces for both Sintox and Lucalox in as 
received conditions are shown in Figure 10. On examination, 
both showed grain boundary cavitation, with Sintox containing 
a certain amount of surface pores, Lucalox on the other hand 
contained no porosity, but small cracksl as seen in the 
central large grain, were found to be quite common with these 
materials. All cylinders were tested for flaws by Zyglox 
penetrant and for uniformity of shape, before any experiment- 
ation. 
'1" 
* ; -; ). -11 7z, r., ,%,:, 
loy 
J6, 
(a) Sintox alumina (x 150) 
(b) Lucalox alumina (x 500) 
Fig. 10. Photomicrograph of the avlindrical surf IcO 
of 'as-received' specimens. 
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4. SINCLIE CYCLE AND RZF:,, ATED CYCLE THERMAL SHOCK 
4.1. APFAR. ATUS 
In the study of the thermal shock characteristics 
of brittle riiaterials previous workers have usually manually 
transferred speciuens from a hot furnace to a cold environment, 
assu; aing little or no temperature change during transfer. 
Only Glenny [111 used automatic transfer mechanisnis in order 
to obtain near-instantarteous specirien transfer. 
The apparatus used in the present investigation 
Figure 11, was designed and constructed for the purposes of 
s: in, gle and multiple cycling and to effect rapid specii". 1en 
transfer. It coiisisted of a vertical resistance furnace, 
nichror. -. e resistance tape being wound in a 211 diameter, 161, long, 
copper tube to provide a uniform heating zone over the central 3, 
To minimise circulation of air within and beneath the 
furnace, the top end was closed with a J-11 diameter brass disc 2 
having the necessary openings for passage of thermocouple leads 
and specimen holder rod, while the bottom of the furnace tube 
was terminated with a steel tube, the lower end of which was 
ifnmersed into the quenching bath situated beneath the furnace 
(Figure 12). i-utomatic specimen transfer was achieved by 
employing a powerful solenoid to move a lightweight aluminium, 
"'- feet long, attached to a specimen holder rod by means tube, . 
-u; - 
Thernal shock and fatigue apparatus. 
F= Furnace, C= Chrome-alumel thermocou7lo, 
H= Snecimen ca7e hol6er, V= Varile, 
R= Transitrol recorder, S= jolenoiý, 
Zinncr. 
0 rýý, - - 
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II 
Fig. 12. Schematic diagram of the furnace and the 
quenching bath. 
H= Specimen cage holder, S= Specimen 
cage, F= Furnace, C= Chrome-alumel 
thermocouple, J= Water jacket, Q =Quench 
bath. 
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of a chain and pulley systera. 
The switching sequences of the solenoid were controlled 
by an electrical timer, comprising a synchronous motor and a 
gear train which, through a friction cl-utch, drove a shaft 
carrying a series of cams. These, during rotation, operated 
snap action switches according to the rise and fall of the 
switch actuating arms riding on their peripheries. By 
altering the cam position the $on' and lofft periods could be 
varied. 
During the 'on' period the solenoid was energisedl pulling 
an attached rod and thus lifting the other end, thereby 
transferring the specimen holder cage, and its three specimens, 
to the quench bath, During each 'off' period the rod was 
released, dropping by virtue of its own weigbt and hence 
returning the specimens to the furnace hot zone. A six 
digit counter actuated by the solenoid was employed to 
register the number of cycles of heating and quenching. 
The specimen holder consisted of a nimonic wire cagel I 
the base of which was in effect three spring coils each 
capable of supporting a specimen freely. Furnace temperature 
was measured with a calibrated chromel/alumel thermocouple, 
temperature control being effected by an associated lltransitrolIerý*I 
in conjunction with a ten-ampere variac. 
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The quenching bath was a water-cooled steel beaker 
beneath the vertical tube furnace. Water and mercury were 
both used as quenching media. When mercury was used it was 
contained in a smaller beaker within the water-cooled bath. 
1k. 2. CRACK. DETECTION PROCEDURES 
The evaluation of the thermal shock resistance of a 
material depends upon the earliest possible reliable 
detection of damage - for examplet cracks developed on the 
surface by the tensile stresses set up during rapid coolingg 
In the present work the primary criterion of failure was 
taken to be the appearance of surface cracks upon examination 
by a commercial zyglox oil penetrant raethod. This involved 
im; mersion of test specimens in the penetrant oil for several 
minutes, washing in warm water to remove excess oilq drying 
in an air blast, coating with fluorescent powder, followed 
by visual examination under ultra-violet light. After such 
examinations specimens were cleaned with carbon tetrachloride 
and dried prior to further testing. The smallest cracks 
detected by this procedure were of the order of i-2 mra. 
in length. 
An alternative black wax technique was employed for 
photographic purposes only, being less convenient for rapid 
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systematic examination. The method 
specimens in black wax, dissolved in 
than half an hourg followed by washii 
finally cleaning away all excess wax 
pad. Cracks of the order I-2 mm. 
with the naked eye. 
involved soaking the 
benzeneq for not less 
ag in warm water and 
employing a benzene-soake(ý 
were readily visible 
A 'replication technique' has also been employed. 
A 'Bexfilm' replica of the specimen surface was coated with 
carbon in a carbon deposition chamber? being then examined 
under an optical microscope. Whilst the technique was 
useful for detecting minute cracks within individual grains, 
major cracks were often found to be obliterated by, for example, 
grain boundary cavitations. 
The Zyglox penetrant method was found to be most 
useful with regard to rapid and reliable detection of the 
type of cracks most usually produced by near critical shock 
conditions and by multiple sub-critical cycling. 
4.3. EXPERIPIZ14TAL PROcr,, DURr-. AND RZSULTS. 
4.3-lo HEAT TRI. IISFZR COEFFICIENT YAZASURalEITTS. 
The heat transfer coefficient was measured by 
determining the cooling rate of a heated metal sphere of 20 mm, 
diameter when plunged into the quenching medium. The drop 
-68- 
in temperature was measured by means of a thermocouple 
embedded at the centre of the sphere and connected tq a 
temperature recorder; the heat transfer coefficient was 
calculated from the following equation: - 
h MOS*G - A. t, dT 
where h= heat transfer coefficient in cal/cm 
2oC. see. 
m= mass of the sphere in gme. 27.5 
s= specific heat of the sphere in cal/Sm/oC. 
0= temperature difference (T. T 1) 
0C. 
T2 =initial temperature of the sphere 
TI =final temperature of the sphere 
t= titae to cool from T2 to TI in secs. 
A= surface area of the sphere cm 
2= 
12-56 cm 
2 
dT = 
(T 
2 +T I)-2T3T3 being the bath temperature, 
2 
A characteristic cooling curve is shown in Fig-13-' 
Heat transfer coefficients were measured for mercury over 
the temperature range from 137 0C to 600OC; and for running 
water at 200 
0C 
and 300 0C only, The results obtained for 
an average value of three readings are shown in Table 7,, '. 
and th. e effect of temperature on the measurcd heat transfer 
coefficient for mercury is shown in Fig. 14. It was 
observed that the value of heat transfer coefficient of 
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mercury remained relatively constant (0-036 c. g. s. units) 
over the temperature range measuredl except for temperature 
below 200 0C where the heat-transfer coefficient value appeared 
to rise. 
4.3.2. CALIBRATION AND ASSESSMENT OF QUENCHING MEDIA 
The time required by the specimens ta attain 
the furnace temperature, was established by employing three 
specimensq measuring the temperature rise of such specimens 
with time* 
To simulate actual experimental conditions 
the specimens were initially maintained in the quenching bath 
for I minute, to attain equilibrium bath temperature, then 
transferred into the furnace. The temperature of the 
specimens were measured by a chromel/alumel sheathed 
thermocouple, the hot junction of which was attached to one 
end of a grooved specimen. The specimen holding rod was 
replaced by the thermocouple, Immediately after the specimaas 
were brought into the furnace, their temperature rise was 
recorded every minute for 9 minutes, and every 1 minute 
thereafter until the specimens reached the furnace tempera- 
ture, 
0 
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The experiment was carried out both for water and 
mercury quenching media and for furnace teraperatures in the 
range 160 0C to 26ooC and 160 0C to 320 0C respectively, 
The results are shown in Tables 8& 9', The average 
of these readings was computed and is shown in Figs. 15 and 
16. ' The study of the heating curves shows that use of a 
water bath gave a non-uniform heating, due to the amount of 
water taken into the furnace by the specimens which later 
formed steam in the furnace. Mercury gave a uniform heating 
curve and the scatter between each set of readings was nominal. 
For the thermal shock and repeated cycling tests 
mercury was therefore used as the quenching medium. 
4.3.3. DETERMINATION OF CRITICAL QUENCHING CONDITIONS FOR 
IISINTOXII MERCURY QUENCH. 
Single cycle thermal shock resistance was 
assessed by determining the temperature difference that would 
just cause specimen surface cracking upon rapid transfer from 
furnace, (T 2 
), to quenching medium, (T I namely mercury. 
The critical quenching range (dT. =T2T1) to cause single 
cycle damage was determined for holding times of specimens 
in the furnace ranging from 1/4 minute to 9 minutesq time 
being measured from the instant the specinens entered the 
furnace, A constant time of stay in the quenching bath of 
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one minute was employed. The mercury bath temperature was 
measured by a mercury thermometer after each specinen immersion 
in order to sorrect for possible drift in the quenching medium 
temperature. Specimen temperature was measured by means of a 
pre-calibrated chromel/alumel thermocouple attached to one end. 
Furnace temperature was set to give any desired specimen 
temperature on the basis of previous calibration experiments. 
Following preliminary exploratory thermal shock tests, 
an arbitrary temperature difference known to be below the 
critical value was selected. Three specimens, held loosely 
in the specimen cages were maintained in the furnace for the 
required duration and then manually transferred, with rapidityu 
into the quenching bath, In the absence of surface crackingt 
the tests were repeated employing 200C higher temperature 
intervals until surface cracking was detected. Having 
assessed the required approximate temperature difference for 
cracking, new specimens were selected &no, cormencing at the 
last holding temperature at which no cracking occurredq tests 
were repeated at norainally 10 0C intervals until all specimens 
were found to have cracked. The results are presented in 
Table 109 whilst the relationship between critical range and 
holding time is depicted in Figure 17. It can be seen that 
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the critical quenching range decreased with increasing holding 
time in the furnace up to the six minute value, thereafter 
remaining constant. It is interesting to note a plateau 
of constancy for holding times in the region of 1-3 minutes, 
The scatter band should also be noted, representing the highest 
temperature difference for which no damage could be detected 
(the lower bound dT) and the lowest temperature difference 
M. 
for damage in all specimens, (the upper boundl dTU) 
WATER-QUENCH 
Similar experiments were performed employing water 
quenchingg though here a constant furnace holding time of 
nine minutes was employed, A constant flow of water was 
maintained in the quenching bath to minimise irregular steam 
blanket formation. The results are presented in Table 11. 
4.3.4. DETEPNINATION OF CRITICAL QUENCHIIIG CONDITIONS 
FOROILUCALOXII 
The experimental technique employed was identical 
with that already described. However, duo to the limited 
number of specimens available and the large number of future 
tests to be performedt the critical quenching conditions 
were assessed only for a nine minute holding schedule, 
mercury being the quenching medium. Results are shown in 
-78- 
n% 
lable 12, from which it may be observed that damage occurred 
for quenching ranges between 1730C and 181 
0 C. 
4.3-5. FAILURE PROBABILITY DETERMINATIONS 
Attention has been drawn to the "scatter band" 
associated with single cycle quenching tests, a natural 
consequence of the statistical nature of the strength of 
brittle materials - even in the absence of experimental 
fluctuations. It was considered to be of interest to deter- 
mine the limits of the scatter band more closelyl as well as 
intermediate behaviour. Further, it will be recalled that 
most theoretical investigations relating to thermal shock 
have involved the assumption of infinite specimen length* 
In all preliminary tests damage was found to initiate at 
specimen ends - the actual specimens used could not thus be 
regarded as behaving as infinite cylinders, The effect of 
employing specimen end caps to minimise end initiation of 
damage was thus also considered to be desirable, 
quenching experiments were carried out on a new 
batch of high-alumina ceramic specimens ("Sintox"), using 
mercury as the quenching medium and employing a constant 
10 minute cycle (9 minutes furnace heatingt I minute quenching 
duration)l for three sets of conditions, namely: - 
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(a) Incremental tests, uncapped, 
(b) single cycle tests, ioe, unshocked 
test specimens for each quenching 
range uncapped, 
(c) single cycle tests as abovel but 
with 'capped' ends. 
INCREMENTAL TESTS. 
Six specimens were employed, being quenched through, 
initially, a temperature difference of 190 0C- this 
being below the lower bound of the critical quenching 
range, The quenching range was subsequently raised 
in IOOC incrementsl percentage 'failures' being noted 
in each case, until all were observed to have cracked. 
In fact, a quenching range of 2850C was found to 
cause 100% failure - cracks being initiated frcm an 
end face in each instance. By 2950C crazy paving 
cracking was observed, The results are shown in 
Table 13. 
The progress of damage in a single specimen for 
progressively larger quenching ranges is shown in 
Figure 18, In order to inspect typical crack ,s wore 
closely, specimen end faces were polished - on emery 
paperl then on a 611 diamond pad, and finally on a 
14 diamond pad. In Figure 199 the end of a running 
crack is shown entering and culminating in a porej 
-. J 
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Fig. 18. Progressive crack propagation with 
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whilst in Figure 20, a running crack is shown bifurcatini. 
Pores developing into cracks may also be seen in this 
latter photomicrograph - it is not improbable that many 
of the 'pores$ were themselves manifestations of thermal 
shock damage. 
(b) SINGLE CYCLE TESTS - UNCAPPED ENDS 
Again, six specimens were employed at each of 
seven selected quenching ranges between 210 
0C and 2780C. 
Results are presented in Table 14, from which it may be 
noted that 10OVo failure occurred at an interpolated 
value of 267. '5 
0 C, compared with 2800 C in tho increment 
tests, 
(c) SINGLE CYCLE TESTS - CAPPED ENDS, 
The ends of test specimens were coated with 
alumina pastaq this being allowed to dry at room 
temperature for two hours, prior to quenching as before. 
Results are reported in Table 15. All cracks were 
found to have initiated away from the capped ends. The 
interpolated 100% failure range was determined as 273.5 0C 
Failure probability data for the three procedures are 
plotted in Figure 21, The critical quenching range for 
uncapped specimens may be seen to be less than that for capped 
specimensl whether considered on t'he basis of 100yo failure or 
the usually accepted mean value at 50% failure probability. 
The differences are significant, but not substantial* 
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4.3.6. ' ASSESS14ENT OF CYCLIC FREQUENCY FOR REPEATED 
QUENCHING EXPER321AENT. 
In order td deterMine ihe thermal fatigue 
characteristics of t6 alumina cylinders within a permissible 
time period, choice of a suitable cyclic frequency was necessaxy. 
It was previously shown that the temperature range to cause 
single cycle failure was independent of the holding time 
within the range 69 minutes, it was therefore decided 
to employ a 10 minute cycle; where specimens were held at 
temperature for 9 minutes, and in the quenching bath for 
I 
minutep which would be a compromise between the'attaining 
of an-equilibrium temperature yet providing-an adequate time 
for observing fatigue phenomena, 
Cooling shock failure'occurs due-to the tensile 
stresses that are developed by the constraints set up within 
, 
the body, Given sufficient time full'relaxation, of the 
stresses might occur preventing failure by repeated sub 
critical quenching. On the other hand if the'stress was 
not fully relieved behaviour might be very different. ýA 
minute cycle i. e. I minute in quenching bath and-4 minutes 
at temperature was therefore decided-upon to study'the effect 
of frequency of cycles. 
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In all repeated cycling testal due to the difficulty 
of performing such tests with a thermocouple permanently 
attached to the actual specimens. the temperature of the 
specimens was computed from the calibration curve shown in 
Figure 22. 
4.3-7. REPEATED CYCLING BEHAVIOUR OF ISINTOXI 
Having established critical quenching conditions, 
repeated cycling tests were performed for various sub-critical 
ranges, employing both 10 minute cycle and 5 minute cycle 
frequencies. Three specimens were employed for each test, 
In all instances the bath temperature was maintained'at a 
constant valuel variation in quenching range being achieved 
by variation of specimen temperature. For each selected 
quenching range, specimens were cycled until damage was 
detected in all three specimens, Initially the test 
cylinders were inspected for damage every cycle up to five 
cy , cles, then every five cycles up to twenty cyclesq every 
ten cycles to fifty cyclest every twenty-five cycles to 
two hundred cyclesl every fifty cycles to five hundred cycles 
and, thereafter, every hundred cycles. ' This nominal 
inspection procedure was notq howevers followed strictly for 
occasionally intermediate checks were made. At every'detecticrx 
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check the quenching bath temperature was noted, the occasional 
small fluctuations being then accommodated by manipulation of 
the furnace temperature in order to maintain a constant 
quenching range. 
Cycling was restricted to a maximun of 2000 cycles for 
any particular set of quenching conditions, because of the 
consid. erable time involved in performing such tests. All 
results are shown in Table 16 and 17, whilst the relationship 
between quenching range and cycles to 'failure' is depicted 
in Figures 23 and 24,1: may be seen that as the sub- 
critical quenching range was lowered, so the #life' increased, 
Occasionallyq test cylinders were found to have. 
bowed before cracks were detectedl auch deformed specimens 
having shorter life than those for which no deformation 
occurred, as noted in the Tables. Two such bowed 
cylinders are shown in Figure 25, It was also observed 
that cracks predominantly initiated at the edges of the 
test cylinders, though prior to their appearance pores:, 
appeared to develop on the surfacet such pores often joining 
up to form a crack. Such cracks were detectable by the 
penetrant method when they were about I mm. in length. - 
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REPEATED CYCLING BEHAVIOUR OF ILUCALOXI ALUMINA 
'Lucaloxf alumina cylinders were subjected to 
similar subcritical quenching treatment, for 10 min. /cycles 
frequency only. The results being shown in Table 18t and 
Fig. 26. 
As with 'Sintoxg this material also successfully 
endured an increasing number of repeated quenches with 
decreasing subcritical quenching range, However the material 
survived the specified 2000 cycles at a temperature range of 
150'C, a mere drop of 20 0C from the critical quenching range* 
The nature of the cracking was found to be severe* 
They always initiated at the edge of the cylinders and were 
found to run longitudinally before bifurcating into the shape 
of a 'Y' (Figure 27)- No progressive increase in crack 
lengths were observed or any developed porest or bowing. 
4-3.9. CRACK PROPAGATION STUDIES ON HIGH-ALMIINA CERAMIC 
(0S INTOX") 
On the basis of previous repeated cycling tests 
three quenching ranges were selected, namely 2000C, 
representing near-critical conditions, 182 0 C, and 150 
0 C, 
Under these circumstances, employing a ten minute cyclel cracks , 
approximately 2 mm in length were produced after it., 50, tard, 68 j 
and 275 cycles respectively. - Progress, of cracking for these 
01 
t. 
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quenching ranges was thea followed by means of a travelling 
microscope in conjunction with ultra-violet illumination, the 
Zyglox penetrant technique being enployed to detect and 
delineate such cracks. Inspection was initially every 
cycle or so, but thereafter every ten cycles. The results 
are shown in Tables 19,20 and 21, and Figures 289 29, and 30. 
From the latter it may be seen that the cracks propagated 
spasmodically, remaining unchanged for several cycles before 
propagating rapidly. The study was complicated by the fact 
that new cracks often developed during cycling, whilst 'old' 
cracks sometimes branched. '_, owever, Figure 28 is particularly 
interesting in that it represents the behaviour of a single 
crack, rather than total length of all cracks as unavoidably 
necessary in all other tests. 
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lii4 DISCUSSION: - 
494&1,, SINGLE CYCLE THEY&IAL SHOCK FAILURE 
The conventional theoretical method of assessing 
the therimal shock resistance of a brittle body is based on the 
assumption that the body will crack when the thermal stress 
exceeds the tensile strength of the material. It is also 
considered that such material properties as coefficient of 
thermal expansion, modulus of elasticity and thermal canductIvity 
remain constant with the change in temperaturet whilst heat 
loss through the ends is neglected (ideal condition). 
Applying the above assumptions, and utilising 
Bradshawb 131 method of calculation, the temperature difference 
to exceed the tensile stress (18,000 p. s. i. ) of Sintox'alumina 
for various heat transfer values was computed. These are 
shown in Table 22, and depicted in Figure 31. The figure 
illustrates that within a certain range of values of th' 
(0,02 to 0,18 c, g6 s. units) , the temperature diff erences needed 
to exceed the tensile stress is closely related to the heat 
transfer characteristic of the quenching medium* It is also 
seen that to obtain a value of dT (=200 0 C) which is the 
experimental value of critical quenching range of Sintox 
(10 min, /cycle) it is immaterial whether the value of th' is 
-99- 
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taken as 0.18 c, g*s. units or infinite. 
In the present investigation it was observed that the 
temperature difference of approximately 200 
0C was sufficient 
to cause cracking in the test piecest for a 10 minute cycle, 
and yet, according to the theory, for the heat transfer values 
of mercury (0.035 c. g. 
4. 
units) a temperature difference of 
around 720 
0C should be required'to exceed the tensile breaking 
stress of the material. 
The discrepancy could be mainly due to the end effects, 
where a sharp edge exists, and the heat transfer of mercury 
might well approach infinite values, or at least a high finite 
value. Observations of the cracks occuring at the edges (see 
Figure 18) supports this assumption. 
Glenny [111 obtained a reasonable agreement between 
his experimental and theoretical values. He employed a 
technique of keeping his cylinder ends shrouded in a heat 
resisting alloy sheathl thus eliminating the end effects. 
the present work an attempt was made to attain infinite 
cylinder conditions by coating the end faces of the cylinder 
with alumina cement. The Figur. e 21 shows that the 
temperature difference for 50% failure probability is 260 oc 
for capped ends compared to 2280C for uncapped ends i. e. a 
In 
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mere increase of 32 0C was Achieved. Referring to the Figure 
31, it can be seen that for the temperature difference of 
2600C the value of Ohl is in the region of the curve where it 
approaches infinity. 
This suggests that the measured heat transfer values 
as. 
were low, lm+-&o would it be then for water, because the same 
order of temperature difference (1960 to 2200C) was found 
sufficient to cause cracks in the material. Lucalox on the 
other hand required only 173 0 to 182 0C to exceed the tensile 
strength when quenched in mercury. The lower temperature 
difference may be ascribed to, Its larger diameter, apart from 
the differences in its physical properties from Sintox aluminas. 
Figure 17 shows -that the critical quenching range required to 
cause failure of Sintox aluminas decreased from 3300C for 15 
seconds holding time to 2000C for 6 to 9 minutes holding time 
at TA scatter band of about 30 0 was evident within which 2* 
three specimens subjected to cooling shocks in mercury were 
found to have cracked. The temperature difference (2680C to 
2920C) to cause fracture was found to have remained independent 
of the holding time T 21 for the range 1 to 3 minutes. 
Similar indications were noticed for holding times for 6 to 9 
minutes. This demonstrates that a critical temperature gradient 
between the surface and the core is needed to cause constraints 
within the body, thus causing failure. 
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It is envisaged that at longer holding time at temperature 
T 21 the attainment of an equilibrium temperature between the 
core and the surface was achieved and therefore required low 
temperature difference to cause the critical constraints in 
the body. At shorter holding time at T 21 whilst the surface 
reached the specified temperature fasterthe core of the body 
remained still at a lower temperature and on subsequent 
quenching the temperature gradient remained virtually the same, 
as it would normally be for longer holding time at lower 
temperatures. 
The U%===4 gradient depends on the thermal conductivity, 
coefficient of thermal expansion of the materialf and the heat 
transfer rate of the quenching medium. It is seen in Figure 3 
that the thermal conductivity of these materials decreases 
rapidly from 0*045 at 100 0C to 0.02 c. g. s. units at 400 
0 Ct 
thereafter the conductivity of the material remain fairly 
constant. This further suggests that for shorter holding time 
at T21 and for low values of Ikil the core would require longer 
time to attain the surface temperature and consequently the 
temperature difference that would be required to cause failure 
on subjecting the material to cooling shocks would din-inish. 
With holding times approaching Izerot, the greater would be 
temperature difference required-to cause cracking. 
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(177) 
The upward trend of the curve ), below 15 seconds at T2 supports 
-such speculations. *, However it should be borne in mind that 
decreasing holding time at T2, and increasing the surface 
temperature of the specimen would increase any heating shock 
to the material. The plateau on the curve suggests that a 
heating shock may be predominant at short holding time 
although no definite conclusions could be drawn to this effect. 
4; 4. '2,, INTERNAL STRESSES 
A study of the Figure 21 shows that the specimens 
subjected to increment test have higher thermal shock 
resistance than 'fresh' specimens taken for gach temperature 
level. Starting from the . same*order of magnitude (2100C) 
at zero probability of failure the specimens with subcritical 
incremental quenching have improved by 15 0C at 100% failure 
probability. 
Similar observations were made on glass and in alumina 
ceramics by various authors, as stated in section 2.1.3.1. 
The cause was mainly attributed to the prestressing of the 
glassy phase, as no improvement was noticed by, for example, 
Insley and Barczak 1371 in theitr materials. 
It is difficult to argue convincingly against these 
suggestions on the basis of nominal improvement observed in 
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the present investigation, although it cannot be totally 
neglected, even though no glassy phase was detected in the 
materials concerned6 This increase in thermal shock 
resistance could be attributed to the Idevelopment of internal 
stresses in the system which acted in opposition to the 
applied tensile stresses on subsequent quenching. As the 
number of subcritical quenching increased, so did the dT cl 
which suggests that the internal stresses are accumulative 
in nature. 
4.4-3. APPARENT THEMAL FATIGUE EFFECT OF ALUMINA CERAMICS 
Study of the Figures 23,24, for Sintox, shows 
that this material endures larger numbers of repeated 
quenchings with decreasing quenching range. The subcritical 
quenching ranges employed preclude the possibility that 
failure at any suberitical quenching range could be due to 
accidental overheatingg resulting in a single cycle shock 
failure, Thermal cycling tests have been restricted to 
2000 cycles and the curves demonstrate an apparent thermal 
fatigue effect. Incidentally failures within a band of 
20 0C have been obtained for single cycle shock, while in 
repeated cycling a wide scatter is noticeable, 
Repeated thermal shock of Lucalox (see Figure 26), 
seems to demonstrate a similar apparent fatigue effect, but 
with a narrower scatter band, though the number of specimens 
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involved was rather smaller. The curve is also shallower 
in contrast to the curves obtained for Sintox, 
These curves represent considerably greater number 
of cycles than any previously reported investigations, but 
it is difficult to conclude existence of a fatigue limit for 
either materials because of the still limited number of 
cycles that have been performed. However, the general form 
of the curves suggests that a limit is highly probable. The 
term tapparent fatiguelis employed because, of course, the 
observed damage may have resulted from the progagation of 
existing microcracks or other defects rather than having been 
truly initiated from initially flawless material. 
Attention is drawn to the form of the curves at high 
stresses (around single cycle failure stresses). At such 
quenching ranges the materials either failed in a single 
cycle or did not fail for 10,20 or 30 cycles depending on 
the scatter band. This type of observation, may represent 
the origin of the "mystic + 30" of Chester's [431. ' The 
contention that ceramic materials do not exhibit fatigue 
may well be attributable to the fact that substantially 
subcritical cycling is rarely undortaL-en experimentally. 
It must be admitted though that there may be some validity 
to such contentions* If the thermal stresses developed by 
subcritical quenching are'relieved by subsequent heating at 
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every cyclev then the achievement of the breaking stress by 
fatigue processes could never be realised., Relief of the 
stresses, of course, depends on the time and temperature and 
the magnitude of the stresses in the, material; the present 
experimental conditions were hardly of such a nature as to 
promote such relief, I 
Attention has already been drawn to the slight 
improvements in thermal shock resistance associated with 
suberitical quenching. The cause was tentatively ascribed 
to an internal stress effect. The thermal fatigue effect 
with these materials suggests that either internal stresses, 
or rather strains, are cumulative or some form of plastic 
deformation occurs as in metals, orl of course, both 
mechanisms may be involved. 
The plastic deformation effect cannot totally be 
disregarded for bowing has been observed for Sintox both 
under single cycle and repeated thermal shock conditions. * 
It was observed also that the specimens that bowed failed 
earlier than the non-bowed specimens. 
Lucalox cylinders showed no such deformation prior to 
failing, but the increasing endurances in cyclos with 
subcritical quenching is demonstrated. If plastic deformation 
is not conducive to fatigue process in these materials, then 
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what other, but the internal stress or strains that would 
lead to fatigue failures. By using Woodts 1551 findings 
that fatigue results from accumulation of cyclic strains, and 
Williamb [541 speculations, that reversible elastic strain 
pr8pagates existing flaws by Griffiths' mechanisml it is 
possible to reason that these high alumina cerainics fatigue 
by the accumulation of internal strains, when the sum total 
of these strains. exceedsthe material strength a crack of 
measurable magnitude is observed, This contention is further 
substantiated by the crack propagation measurements. 
The frequency of cycling appears to influence the thermal 
fatigue characterittics of the Sintox aluminas, although it 
is difficult to evaluate with certainty the extent of this 
effect because of the wide scatter in the endurances observed 
at subcritical quenching ranges. 
Considering a ratio of suberitical quenching range to 
critical quenching range Of 0.74 (see Tables 16,17)t it may 
be. seen that for'a 5 mine/cycle the endurance is appreciably 
lower (30 to 99 cycles) than for a 10 min. /cycle frequency 
(290 to 678 cycles). Again considering the ratio of 0-5, 
endurances in the range of 80 to 750 cycles were demonstrated 
for 5 min. /cycle frequency while in 10 min, /cycle frequency 
two specimens endured between 416, to 721 cycles and onel. 
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specimen endured 1920 cycles without failure. Yet when a 
ratio of 0,6 is considered the endurance under 5 min, /cycle 
frequency is longer (471 to 740 cycles) than under 10 min, /cycle 
(90 to 35i cycles). Howeverj` the trend showing lower 
endurances with a steeper slope is generally evident in the 
case of 5 min, /cycle frequencyý 
1 4.4.4. CRACK PROPAGATION, 
Crack propagation studies of the Sintox aluminas 
demonstrated that cracks once developed did not propagate 
catastrophically as one would normally expect with brittle 
alumina ceramics but took several tens and hundreds of cycles, 
depending on the quenching range. The cracks on the material 
showed a characteristic feature, remaining constant for several 
cyclic stresses before growing or branching or often new cracks 
commenced in another area of the specimen surface, In Figure 
28 propagation of a single crack is shown, The crack of 
2 mm, length was initially obtained by a single cycle shock 
at a 200 0C quenching range. The nature of the propagation 
showed. a step-wise foature, remaining constants for tens of 
cycles before propagating, remaining constant again and then 
propagating further. 
Similar observations were made in the study of the 
nature of propagating cracks at 1820C and 150 
0C temperature 
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range; where new cracks together with the existing cracks 
were taken into account. It is evident that the cracks 
once started required few hundreds of cycles to propagate 
into crazy paving. The measured lengths of the cracks were 
limited to 30/35 mmýýi beyond which the measurem3nts became 
impractical. 
The step-wise nature of the propagating cracks suggest 
accumulation of elastic and/or plastic energy which on 
exceeding a critical amount would cause further damage 
producing now surface cracks. The evidence that these 
materials exhibited some surface porosity suggests that some 
pores could have caused crack blunting, so that a crack did 
not always propagatet a new crack was developed at another 
area instead, Figure 199 shows cracks culminating in a porej 
while in Figure 20, the poreswere seen to join into a crazy 
paving crack. This suggests a possible dual role played by 
a pore, one in blunting a crackj and the other as supporting 
a propagating crack; it may well be that the precise role 
would be dependent on the nature of the pore, This Is In 
, 
agreement, with the suggestions made by-Rayston and Barrett[203 
I 
that cracks ought to stop at soft inclusionsl pores, or, a 
hard grog particle. 
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Cracks in the Lucalox materials were observed to be 
severe, starting at the edge and running along the length of 
the cylinders. Having no obstacle to surmount the cracks 
ran catastrophically. 
Clearly it is not possible at this stage to define the 
role of pores with any assurance. It is worth mentioning 
though, that in this works surface porosity has been observed 
to develop as a result of repeated thermal cycling of Sintox, 
prior to crack formation, Though the effect is in the nature 
of a casual observation which it has not been possible to 
pursue systematically. It is interesting to speculate, thoughl 
that this represents an learliert damage criterion - no doubt 
a family of fatigue curves could be determined employing various 
critical criteria as has occasionally been attempted for 
metallic materials. 
5.0- MECHANICAL FATIGUE 
5.1. APPARATUS 
A miaget Avery'Pulzating fatigue testing machine 
ViSure 32)was used. This utilised a mechanically driven 
'elastic lever' system to load the specimen. The alternating 
loadl as requiredt was impos 
' 
ed on the specimen by the oscillation 
of the dyna/Mic loading leaf. spring by means of a crank, 
operated by graduated eccentric fitted to the driving motor. 
r 
*. -Nb 
a 
Fig. 32. Avery Midget Pulsator fatigue machine 
with bending rig attached - 
R= Bending rig; D Loop Dynamometer; 
M= Microscope; L Loading Screw; 
4* -I 
Fig. 33. The Bending Rig. 
-112- 
The amount of load applied at any time was measured by a 
dynamometer, in conjunction with a microscope having a scale 
focussing on a sharply cut luminous line, 
The dynamometer was calibrated statically for tensile 
and compressive loads and the relationship between load 
and microscope reading was read from a calibration curve 
provided with the machine. The microscope equipped with 
two eyepieces giving 300 and 600 magnification. The 600 
magnification eyepiece was used for the present investigation. 
I. In : Lnitial static pro-load when required for delayed 
fracture tests was imposed by the loading screw, anchored to 
the main frame casting. The magnitude of the static load 
was determined by observing the displacement of the edge of 
the luminousline on the scale of the microscope* 
Altern. -iting load caused the line to widen into a broad 
luminous band with bright edges, and was determined by the 
distance between the edge of the luminous line at rest and 
the edge of, this broad band. The total displacement of the 
luminous line from the zero reading gave the required dynamic 
load. The reading taIcen on the right hand side of the zero 
setting refers to thetensile load, and conversely compressive loe,. cX' 
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An automatic cut-off switch was mounted slightly clear 
of the striking arm on the moving headstock. When the 
specimen was broken the stroke of the machine was increased to 
operate the microswitch, cutting off the supply to the driving 
motor, The number of cycles were recorded on an electric 
counter attached to the motor. The time to failure was read 
directly from a clock incorporated in the circuit. 
The machine was operated at 3000 C. P. m. for most 
experiments. It was modified to operate at 500 c, p, m. 
frequency by driving the eccentric with a variable speed motor 
via a pulley system. 
5.2. THE BE14DING FIXTURE 
A four point loading system was adopted to test the 
alumina cylinders under alternating stressq as illustrated in 
Figure 33 andf Figure 34. It comprised two jaws 'Al and 'Bf. 
Contact between the jaws and the specimen was achieved by 
four roller bearings positioned symmetrically on each side 
of the contra point, Opposite the roller bearings were four 
rubber rollers(Figure 35A ). They acted as supports and kept 
the specimen cylinder in position during dynamic loading. 
The load was transmitted to the specimen through the arm of 
the jaw 'A' and was shown by the movement of the luminous line -I 
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Fig. 34. The bondinS rig. 
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5o. 
T Tension, 0= Compression, S. = Static stress, 
-S, I 
Alternating stress., 
Fig. 35- (a) Specimen in position botween r6llers. 
"And direction of the application of the load.. 
(b) Schematic representation of pulsating tension 
alternating lood as applied to the test piece. 
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in the dynamometer. A pulsating tension load was employed 
for dynamic loading as shown in Figure 35(b). In order to 
perform dynamic fatigue tests under a controlled atmospheral 
the bending fixture was encased within a split double jackated 
copper cylinder, each half of which was attached to the bending 
rig by means of bronze bellows, and sealed with P. T. F. E. "011 
rings. The two halves joined at the contre to form a 
complete enclosure of the rig, except for the inlet and outlet 
passages for the atmosphere shown schematically in Figure 36. 
5.3. STRESS CALCULATIONS: - 
Strengths of the test pieces were taken as the maximum 
stress before fracture, Pure elasticity was assumed for the 
strength calculations because of the brittle nature of these 
materialsq and the consequently small deflection prior to 
fracture. The fracture stress was derived from the equation: 
where tr = failure stress at outer fibre* 
1.1 = bending moment 
=jPxC for four point loading system, OPI 
being the applied load, and ICI the outer 
span which was I" for 211 long 'Sintoxt and 
1/411 for III long 'Lucaloxf test pieces. 
y= distance from the outer fibre to neutral axis 
monent of inertia for the cylinders 
nd4 
Id' being the diameter of the cylinder. 
64 
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5A. EXPERIMENTAL PROCEDURE AND RESULTS 
5.4.1. BEND STRENGTH MEASUREMENTS 
The bond strengths of the alumina ceramics were 
measured in a Hounsfield tensometer, type E. The bending 
fixture was mounted vertically within the crosshead and the 
baset and the bending moment was applied by upward movement 
of the crosshoad. Load was applied to the test piece at a 
constant loading rate of 60 lbs. /sec., with a 500 lb, load 
Coll. The object of using a faster strain rate than the 
more usual 5 lb/sec, were firstly to approximate the dynamic 
loading conditions and secondly to minimise any delayed fracture 
effects* A variable speed recorder was incorporated In the 
machinet indicating progressive increase of the load to the 
fracture point, 
,- The 
bend strengths were calculated from the maximum 
load to fracture, The results are shown in Table 239 for 
ISintoxf tested under different conditions and 'Lucaloxt 
in theýlas received' condition. 
I 
5.4.2. DYNAMIC FATIGUE 
PROCEDURE: - 
The bending fixture was placed in the fatigue machine, 
with rig #A' attached to the loading force plate and rig IBI 
to the dynamometer. The test piece was gripped within the 
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jaws of rig tAI and rig IBI was then brought close to thý 
specimen by turning the loading screw until the rollers were. 
touching the specimen. The test cylinder was then hold in 
the Jaws of rig IBI. Any pressure on the specimen due to 
non-alignment was shown by the movement of the luminous line 
in the microscopep and was adjusted by the loading screw* 
To obtain a required tensile load on the specimen, 
the eccentric was displaced by a small angle by loosening the 
four cap screws and rotating it, simultaneously noting the 
movement of the luminous line. Any movement of this line 
to the compressive side of the scale was eliminated by the 
loading screw, until the edges coincided with the zero reading. 
Rotation of the eccentric then moved the luminous line to the 
right hand side of the scale, indicating a tensile load on 
the specimen (Figure 35(b)). The lock nut for the locking 
screw and the bolts for holding down the dynamometer crosshead 
were secured. The automatic cut-off switch was adjustedt 
and the initial counter reading noted. On starting the 
machine the luminous line widens into a band, the width of 
which indicates the load on the test piecet read frora the 
calibration curve. The machine automatically switched off, 
after specimen fracture, and the number of cycles of applied 
stress was noted from the differeuce in the counter readings. 
-120- 
When stresses close to the bend strength of the materials 
were applied, the test pieces were found occasionally to have 
failed before attaining the peak load. Furthermorei the 
pulsator running at a frequatick Of !; 0 c/sec, was too rapid 
to register a few cycles at these stress levels. This wag 
overcome by manual turning of the eccentric, prior to automatic 
operation. 
Experiments were performed within the critical stress 
range (bend strength) and the subcritical stress levels where 
endurances of 10 
6 
to 107 cycles were observed, In tabulating 
the results, endurance in seconds corresponding to observed 
endurance in cycles was also recorded, 
5.4.2.2. DYNAMIC FATIGUE TESTS ON OAS RECEIVEDI ALUMINA 
CYLINDERS. 
The gas received' test specimensq after inspection 
for straightness and for surface flawsq were tested under 
normal atmospheric conditions, employing the I inch outer 
span rig for the 211 long 'Sintoxt specimens and the 1/4 inch 
outer span rig for the I" long ILucaloxf specimens. 
The results obtained for tSintoxf and 'Lucaloxf are 
shown in Tables 24,25, and 26. The ratios of the mean bend 
strengths and the fatigue strengths also being tabulated, 
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Figures 37,38, and 39, relate to endurance values, in cycless 
plotted against dynamic stress. For ISintoxf between five 
and ten tests were performed at each stress level, but, due 
to the limited number of 'Lucalox' specimens available, two 
to three tests were performed on this material at each stress 
level considered. 
5446201 DYNAMIC FATIGUE AT 500 c. p. m j FREqUENCY 
These tests were performed on batch 'AV 'Sintoxl aliunina 
in the as-received condition under laboratory atmosphere and 
temperature. Results are shown in Table 27, and the endurance 
in cycles to failure was plotted against applied stress, shown 
in Figure 40. 
To elucidate the effect of frequency on these 
materialsl a comparison with the fatigue strengths of as-receive". 
specimens. perfomied at 3000 c. p. m. was made in terms of mean 
value of endurances in cycles and in time in seconds to failure, 
shown in Figure 41 and 42. 
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5.4i2.4. DYNAMIC FATIGUE lN CONTROLLED ATMOSPHERES 
If fatigue of alumina is totally attributable to 
surface reaction phenoni6na'between the atmospheric constituents 
and the material surface, elimination of the atmosphere would 
eliminate also the observed apparent fatigue effect* 
To obtain further information on the effective 
nature of the atmosphere on these materials, tests under 
controlled atmosphere were performed viz: - 
(a) In dry pure argon, 
(b) In liquid nitrogen. 
(a) Dynamic fati&! e in. ýry pure Argon 
It would be envisaged that the 'Sintox' specimens 
left in the laboratory atmosphere would absorb and also adsorb 
moisture. It was therefore decided to vacuum de-gas the 
specimens prior to testing in argon. 
This was achieved by treating the test pieces in 
vacuum at 800 0C in a platinum wound resistance-furnace"for" 
1 hour at 10-5mm. Hg. pressure. The temperature was read 
from the transitroller attached to'a Pt/13', o Pt'. Rh. thermocouple 
the hot zone of which was fixed inside the centre of the tube 
furnace, touching the specimens, Vacuum was attained by a- 
mechanical pump and an oil diffusion pump and was measured by 
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a Pirane gauge. The specimens, when cooled, were immediately 
transferred to a silica gel desiccator. The specimen to be 
tested was transferred to the rig and the jacket was enclosed, 
Argon was passed through a silica gel tubet and was circulated 
in the container. Although the specimens were held in the 
atmosphere during the transfer from the desiccator to the rig 
and fixing of the rig, which took less than three minutest the 
attack of the moisture was assumed negligible, 
(b) Dynamic fatigue in liquid nitrogen 
"As received" specimens without any prior treatment were, 
tested under liquid nitrogen atmosphere. The atmosphere was 
maintained by pumping the liquid nitrogen into the jacket from 
a Dewar's vacuum container by gaseous nitrogen. Sufficient 
time (5 to 6 minutes) was allowed to attain an equilibrium 
temperature before starting the machine. The machine was 
stopped whenever the vacuum container required refilling. 
Tables 28l and 29 show the results for specimens tested 
in dry argon and liquid nitrogen atmospheres respectivelye 
The results are depicted in Figs. 43 and 44, where endurance 
in cycles against applied stress are shown. 
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5,4,2.5, DYNAMIC FATIGUE ON SURFACE GROUND ALUMINAS 
The surface of the 'Sintoxl aluminas were ground in 
a surface grinder containing a centreless grinding attachmentv 
capable of grinding within 0,00005 inch tolerance. Surfaces 
of the order of 0.0002 to 0-0003 inches were ground from each 
test piece. A photomicrograph of the ground cylindrical 
surface is shown in Fig. 45. 
The ground specimens were then fatigued at 3000 C-P-m- 
frequency, at room temperature and laboratory atmosphere, 
Results are shown in Table 30, and the stress against endurance Ij 
in cycles is shown in Fig, 46, 
5.4.3. STATIC FATIGUE OF ISINtOXI ALUMINA 
Static fatigue tests were performed on the sintox 
aluminat Batch IBI specimens, in the normal laboratory 
atmosphere. The-specimens were placed in the bending fixture 
as described in Section 5.1. The eccentric was set at zero 
I and the static load was applied by the loading screw. When 
the required divisions on the graticule depicting the load 
was reachedg shown by the movement of the luminous line, the 
screw was locked with the lock nut. 
The lever on the moving arm was adjustect for switching 
on and off the clock, which registered the length of time the 
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Fig. 45. Carbon replica photomicrograph of the 
cylindrical surface of Sintox alumina 
after surface grinding. (x 150 ) 
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specimens were subjected to static load. The clock was 
switched on from the time the load on the specimen became 
operative, until the specimen failed. 
Four specimens were tested at each stress level and the 
enduranoes to 105 seconds were taken as a limit, Table 31 
shows the results thus obtained, these being compared in 
Figi 47* with the results obtained under dynamic fatigue 
condition of "as received" specimens at 3000 c-P-m-9 stress 
being plotted against endurance in seconds.. Due to the 
overlapping within the scatter band of the upper and lower 
boundary curves of dynamic and static fatigue respectively, a 
ratio of the suberitical stresses to the critical stress for 
both fatigue conditions was plotted against the mean value of 
endurance in seconds, as shown in Fig. 48. 
5.4.4. FRACTOGRAPHY 
The fractured surfaces of the testpiece were examined under 
an optical microscope, This revealed very little information 
because of the difficulty in focussing on an uneven surface* 
A conchoidal mode of fracture appeared to be predominant. 
Owing to such difficulty and because of the limitations in 
resolving power of optical microscopesl a transmission electron 
microscope was used for examination of the fractured surface at 
high magnification. 
14 
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The examination was performed by taking a carbon replica 
of the fractured surface* after initially cleaning it with 
alcohol, and with carbon tetrachloride vapour. 
PREPARATION OF REPLICA 
Replication was performed using "bexfilm", which 
resembles'cellophane and dissolves in acetone. The film was 
partially dissolved by immersing in acetone for five seconds. 
It was then placed on the fractured surface and allowed to dry. 
In drying the film contracts and takes the shape of the surface. 
The first two replicas were stripped, which cleans the surface 
further, The procedure was then repeated on the new'clean' 
surface to obtain a negative "bexfilm" replical which was then 
mounted on a glass slide with selotape. 
The glass slide with the replica was then transferred to 
a Carbon evaporation chamber. This consisted of a vacuum 
chamber with 5 mm. diameter pointed carbon rodsl lightly 
pressed together by springs. On passing a current of 40 amps* 
through the rodst evaporation of carbon occurred due"to Intense 
heat. The carbon was re-deposited on the replica. The 
thickness of the carbon deposit was judged by visual inspection 
of the brown film formed on a piece of simultaneously treated 
porcelaing with a drop of "Apiezon" oil on it to emphasise 
the contrast of the darkening between the oil and the'porcelain. 
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The carbon was initially deposited on to the replica 
placed vertically beneath the carbon rods* A carbon shadow 
was then obtained by evaporating the carbon at an angle of 
incidence of 45? 
The replica now consisting of carbon plus "bexfilm" was 
immersed overnight in acetone-to dissolve the "bexfilm"i leavinE 
the carbon positive* A complete removal of the film could not 
be achieved even on leaving in acetone for much longer periods4 
The carbon replica was taken on copper grids, allowed to dryt 
and placed in the microscope ready for examinationj 
Figý 49, shows two photomicrographs of fractured alumina 
specimens fatigued at high stress. The photomicrograph (A) 
shows the characteristic appearance of a fracture near the 
tension sidei predominantly smooth fracture with "river patterns', 
seen particularly in the central grain. The river markings 
are known as the cleavage step-[963, closer examination of 
the markings shows that they culminated at the boundary seen 
near the bottom of the picture. A triangular crack is also 
visible at the 10-fký, side of the grain. 
In Fig. 49(B), the characteristic app'earance of the 
fractured face away from the tension side can 
ýe seen, It is 
particularly interesting to see both "river pattern" and large, 
straight, parallel ridges standing proud of the matrix* Jt is 
c/p 
AV 
(A) Stress = 24.2 t. s. i. 50. 
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also seen that the end face of the ridges is flat and smooth. 
T slightly disarran_gcd,, Lhis gives the impression of a pac'-: of cards 
Fig. 50, shows the fracture surface at a low magnificati -CPIO 
It reveals the "river pattern" radiating from a central zone, 
containing a pores 
Fig. 51, shows the characteristic fractured surfaces 
of alumina at low endurances. Examination of the photomicro- 
graph (A) shows similar steps near the bottom of the picture. 
Photorricrograph (3) reveals very interesting features of a 
fractured grain, standing in relief of other grains, also 
having steps. It appears that the grain has parted along the 
junctions of these planes, one face be. -Lng hidden on the other 
* do o-P ' s ýiie peak. The whole structure gives an impression of 
a core of a typical c"i) and cone fracture, with cracks running 
in steps along tj, ]Le ridges. Similar cones could also be seen 
at the top corner of the picture with cracks running towards 
the valley. 
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(A) 
(B) 
( 8000 ) 
( 13000 ) 
Fig. 51. Electron photomicrograph of the fractured 
surface of Sintox alumina. 
5 Stress = 13.0 t. s. i. Nf=3.1 x 10 
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5.5. DISCUSSION: - 
The S- log N (see Figs. 37 and-38) of "Sintox" alumina 
broadly demonstrate an increase in endurance life with decreasint 
applied stress, the range of stresses employed, and the number 
of specimens tested being considered more than adequate to 
preclude the possibility that failure at any sub-ultimate 
stress could be due to accidental over-stressing resulting in 
a, single cycle failure. 
The curvest drawn with a "scatter band", demonstrate 
a 'Plateau' at high stresses and low endurances, followed by 
progressive increase in endurance with decrease in applied 
stress levels culminating in what appears to be an endurance 
limitj i. e. absence of failure despite prolonged cycling. 
The plQteau. of the curve is-particularly interesting - 
the materials fracture in a single cycle or the fracture is 
delayed to approximately 103 to 104 cycles. According to 
Wood 1551 and Valluri 1971, the high stress portion of the 
fatigue curve for metals is governed by large plastic deforma- 
tion an&progressive hardening 0 Although the. high stress 
portion-of the curves are similar in form to those for metalsq 
it is premature at thisýstage to draw'any conclusion as to 
similarity regarding the mechanisms of'failure. 
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It has been shown by Pearson [421, and others, that the 
strength of sintered alumina tested in normal atmosphere 
depends on the time for which the stress Is applied, the main 
damaging constituent being moisture. This is in fact 
manifestation of corrosion fatigue as observed in metals* 
In bietallic corrosion fatigue there is often no fatigue limitj 
or if it does exist it is at, or nearl zero stress [6816 
Similarly, the static fatigue curve of commercial alumina in 
normal laboratory atmosphere and pressure [421, shows a sloping 
curve even when stresses were applied for 10 
6 
to 107 seconds, 
In the light of this evidence it is perhaps erroneous 
to draw a true fatigue limit, which appears to be 0,54 of the 
single cycle failure strength for 'Sintoxi alumina batch 'All 
and 0,52 for batch IBI. However, the results obtained at 
these high endurances suggest that drawing a limit would not 
be totally inappropriate, at least from the practical point of 
view. 
Wood 15519 explained the progressive flattening portion 
of the curve; where small amplitutdo and long lives are 
ý11 - 
involved; to be the consequences of structural deteriorationso 
It is difficult to envisage such structural changes occurring 
in alumina ceramics by process of plastic flow and clustering 
of point defectsq but the suggestion of 'Williams that propagatict% 
of existing flaws by reversible elastic strains by Griff4thts 
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mechanism can be perhaps accepted with caution. 
The fatigue curve of 'Lucaloxf alumina (see Fig. 39) 
demonstrated the same apparent fatigue form; with an initial 
induction period of 10 
2 to 103 cycle endurances, followed by 
increasing endurances in cycles with decreasing stress range, 
finally culminating in an endurance limit (0-56 of bend strength", 
Incidentally, the fracture of 'Lucaloxt under fatigue is 
catastrophic resulting in severall broken piecesl rather than 
the simple fracture observed with 'Sintoxf. Considering 
the fatigue curve as a whole, it either represents a manifest- 
ation of delayed fracture (static fatigue); or a true dynamic. 
fatigue as observed in metals; or of course, a combination of 
both, as Williams [641 appeared to affirm. 
In theýdiscussion to follow an attempt will be made, 
from the fatigue results for 'Sintoxf batch 'Bf obtained 
under different conditions, to pursue these various possibilitjkea 
further. 
Let it be assumed that the Figs. 37 and 38, are typical 
fatigue curves of these commercial alumina materials, to give 
a basis on which the other apparent fatigue curves may be 
compared, 
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5.5-1. EFFECT OF FREQUENCY: - 
A portion of batch 'A' alumina 'Sintox" specimens were 
stressed at 506 cycles/min; shown in Fig. 40* The nature of 
the curve is n6ticeably similar to the fatigue curve of batch 'A, % 
stressed at 3000 cycles/min. To demonstrate the effect the 
mean values of the endurances were plotted against applied 
stress (see Fig. 41). It is seen that the materials tested at 
higher frequency showed improved strength, in the region of 
low endurances, of the order of 103 to 105 cycles; the 
increase gradually reducing with greater endurance until, at 
107 cycles the increase*is no longer displayed. The induction 
portion of the curve reduced from 105 cycles endurance for 
3000 c-P-m- frequency to around 4 to 5x 10 
2 
cycles endurance 
for 500 c. p. m. 
On the basis of the results presented by Gurney and 
Pearson [631, the fatigue of glass is time dependentt rather 
than cycle dependent. It could therefore be argued that the 
present observation is associated with cumulative time under 
stress, and is not a true frequency effect. The significance 
of this assumption may be gathered from Fig 42, where endurance 
is Plotted as time to failure. It is-seen that the difference 
in fatigue strength is still portrayed significantly; the 
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material under 3000 cycles/min. enduring longer at all stress 
ranges by about 10 times, than those under 500 cycles/min. 
The stress range at which the induction period and the limit, 
were observed are the same for both frequencies. 
This is in agreewent with William's statement, but 
contrary to Gurney's and Pearson's hypothesis. Conclusions 
should be drawn with reserve as to whether the effect is 
"definitely mechanical"; for according to the views of Harris 
[68], the true frequency effect is marked by many extraneous 
factors, corrosion for instancet and to ascertain the effect 
without ambiguity, tests should be carried out under controlled 
conditions, and, of course, a wider range of frequencies. 
5.5.2. ATMOSPHERE: - 
The speculations made in the previous section are 
further emphasised by the results obtained under controlled 
atmosphere tests. Fig. 43, shows the apparent fatigue curve 
obtained under dryj pure argon, 
The test cylinders were vacuura treated prior to fatigue 
testing, to ensure desorption of any corroding constituents 
that might have remained in the cracks and surface cavities. 
The treatment did not alter the structural properties of the 
material as indicated by the bend strength measurements. 
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The strength of"las received" specimens varied between 23.18 
tons/, ýq. in. and 3118 tons/sq. in., and on vacuum treatment 
the strengths were also found to vary from 26.79 tons/sq. in. to 
32.9 tons/sq. in. 
The nature of the fatigue curve obtained is similar to 
the curve obtained under the normal atmosphere and pressures. 
The endurances at sub-ultimate stresses are greater, e. g. a 
limit of 107 cycles was reached at around 19 tons/sq. in. 
compared to about 15,5 tons/sq. in. in "as received" c6ndition. 
The Fig. 44, represents the apparent fatigue curve of the 
saine batch of aluminas obtained in liquid nitrogen atmosphere 
and its study shows a shallow curve compared to the curves 
obtained for "as received" specimens. A limit of 107 cycles 
appeared to have been reached at 21,5 T, s, ia to 25.5 T. s. i, 
scatter band; the mean endurance being 21.6% of its mean 
bend strength. These results illustrate that in absence of 
any atmosphere constituents, an apparent fatigue is yet 
demonstratedl though the fatigue strengths appear to be higher 
than those tested under normal laboratory atmosphere. it 
could be pointed out here that the curves were drawn through a 
limited number of experimental points but the trend of an 
apparent fatigue effect, namely. increasing endurances with 
decreasing subcritical stresses including an induction period all 71 
a liMitt cannot be denied. 
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5i5.3. EFFECT OF SURFACE GRINDING: - 
Fig. 46, shows the apparent fatigue curve obtained for 
surface ground specimens. The bend strength of these aluminas 
showed a reduced strength of about 24.66 tons/sq. in., a 
decrease of 13-28% to that of "as received" materials. But 
when the mean values of the single cycle failure strengths 
are compared; the reduction is no longer portrayed; the 
divergence increasing to a roaximum value at the endurance limit. 
Study of the curve shows an induction period of 2x 10 
2 
to 103 cycles as found normal with these materials. The slope 
of the curve was found to be steeper, resulting in an endurance 
limit of 107 cycles at around 9 to 13 tons/sq. in. (0.44 of 
single cycle failure strength). The elbow of the curve 
indicates an extension of 107 cycles compared to'10 
6 
cycles 
of the fatigue curve of "as received" specimens. This 
illustrates gradual decrease in the fatigue strengths with 
progressive decrease in stresp levels, when compared with the 
fatigue strengths of "as received" specimens. 
Attention is directed to the photomicrograph of the 
ground surface (see Fig. 45)1, showing large pores and longitud.. 
inal cracks running along the grinding direction. It could 
be envisaged from this observation that these cracks would 
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propagate easily under cyclic stressing conditions, and would 
also enhance the penetration of the corroding constituents into 
the cracks and poreB, The overall effect would be a reduction 
in strength, 
The cause could be attributed to the notch sensitivity 
of the material. In metals'the notch is less sensitive at 
high stress ranges, because of the capability of the metal for 
plastic deformation and thus redistribution of the stress 
concentration; but at low stress, and long endurancesy the 
difference becomes more pronouncedt reaching to a maximum 
at the fatigue limit [681. 
It could be reasoned that the material on irmiediate 
grinding would be free from moisture or any other corroding 
constituent, and the strength would be entirely dependent on 
the surface-notch sensitiveness. However, as the duration unde., t.. 
stress is increased, the corrosion phenomena becomes predominant, 
and, the strength would therefore deteriorate; analogous in 
nature to metals. More study is required relating to the 
significance of surface nature than has, been possible in 
the present work. 
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5.5-4. STATIC FATIGUE: - 
The relationship between stress and time to failure for 
both static and dynamic fatigue (cycles to fracture being 
converted to total test time), shown in Fig. 47t illustrates 
the similarity between the nature of the curves, 
It is seen that the strength under static fatigue is 
higher than the fatigue strength obtained under dynamic 
I 
conditions; the curves starting from the higher bounds of the 
bond strength scatter band. The upper limit of the scatter 
band of the dynamic fatigue curve is seen overlapping the lower 
bound of the scatter band of the static fatigue curve. The 
width of the induction periods is of the order of 10 
2 
seconds, 
and the time of 10 
4 
seconds, at which the apparent endurance 
limits are reached for both conditions, appeared to be the 
same, 
The comparison is elucidated further when the ratio 
of the sub-ultimate stress to ultimate stress is plotted 
against the mean endurance in seconds (see Fig. 48), The 
figure shows that for a ratio of 0.8, the endurance is 5x 103 
seconds for static fatigue compared1to 10 
2 
seconds for dynamic 
fatigue, and at 0.68 ratiol the limit has already been reached 
by the former, while the latter have a tlife? of 5x 103 seconds, 
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At the endurance limit the ratio of static-fatigue- 
survival stress to single-cycle bend strength is 0.68, compared 
to 0.56 for dynamic fatigue, an improvement of 20%. Willaims 
happened to have observed the ratio of 0.57 for dynamic fatigue 
which is in complete agreement with the present results. 
Clearly, whilst the commercial high al=ina material 
employed in the present investigation exhibits 'static fatigue', 
the behaviour under dynamic conditions cannot entirely be 
attributed to any time-dependent effect (for example corrosion 
by the environment). Indeed the significant differences 
between the static and dynamic behaviour would become even 
more marked if a true Itime under damaging stresst could be 
computed for the dynamic tests, rather than total test time. 
5.5.5. MECHA141CAL FATIGUE 
From the fatigue curves obtainedg I one can infer, with 
a reasonable degree of certainty, the existence of a dynaraic 
I mechanical 
fatigue phenomena in these high alumina ceramics, 
Iloweverl there is clearly also a''static fatigueleffect, and 
it has been argued that thisl if it'be' . ascribed to environmental 
attackg also contributes to the observed dynamic behaviour. 
The reduced strengths observed at'roomtemperature under 
laboratory atmospheres suggests that'a combination of delayed 
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fracture phenomena (i. e. corrosion fatigue) and mechanical 
fatigue may be operative; because eliminating either atmosphere 
or mechanical fatigue indicates an improved strength. 
Attention should be drawn in this context to Fig, 52, 
where the ratio of sub-ultimate stress to ultimate stress is 
plotted against endurance in cycles for the cylinders fatigued 
under different conditions. Study of the figure shows that 
fatigue strength in liquid nitrogen is superior to the strength 
in &rgon atmosphere. The fatigue strength in argon lies in 
between the "as-received" strengths and strengths in liquid 
nitrogen, This suggests that in liquid nitrogen, the low 
temperature is effective; but it may also, be supposed that 
vacuum treatment did not eliminate the corroding constituent 
entirely from the surface, or indeed that some absorption might 
have occured during the setting up of the experiment, although 
necessary precautions were taken to ensure minimum exposure to 
the atmosphere. It is interesting to note the form of fatigue 
curves obtained; namely the 'induction periodtf the slope, and 
the limit. The induction period is Particularly interesting 
where the delay in fracture to 103 cycles (20 seconds at 
3000 c. P. m. frequency) is displayed in all conditions; suggesting 
independence of the presence of corroding constituent in the 
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atmosphere. This indicates a requirement of an incupation 
period as in any other reaction process before fracture is 
effected. If it could be contended that the principle effect 
of corrosion is concentrated at the crack tip, then it might 
result in blunting the crack front, Consequently fracture is 
delayed due to the time required for the corrosion process 
preceding fracture. 
If this is to be accepted as a reasonable explanation, 
then it becomes difficult to visualise a similar delayed fracturej 
occurring in controlled atmosphere. In these conditions crack 
blunting by some process of plastic deformation can be envisaged. 
Reference could be made to the photoraicrograph of the ground 
surface of 'Sintoxi alumina, where the flowing characteristic 
of these aluminas towards the grinding direction is illustrated. 
Analogy could be drawn with the directional properties of metals, 
the causo of which is ascribed to its plasticity, To what 
extent alumina deforms at room temperature is not quite clearl 
but how ever little it may be, its part in modifying the 
fracture process cannot be entirely ignored. 
Attention is drawn to the electron photomicrographs of 
the fractured surfaces of 'Sintox' aliirainas. The cleavage 
steps and the river patterns are characteristics of the 
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fractured surfaces of t. hese alumina ceramics investigated, 
Similar cleavage steps were also observed by Petch [981, 
Also of interest is the Fig. ' 50t illustrating the radiating river 
pattern from a central pore, According to the review on 
cleavage fracture by Low [961, a cleava/ge crack to propagate 
requires an additional amount of energy in the form of 
elastic strain energy; furthermore, he ascribed the cause 
of the formation of cleavage steps to screw dislocations4 
It is difficult to draw any conclusion from these few 
observations as to the mode of fracture in these alumina 
ceramics. The presence of high distortion zone of 101& depth, 
and a low distortion zone of 501L depth in fractured polycrysta- 
0 lline aluminas at rooam temperature and at 1700 C observed 
by Guard and Romo [993, supports the suggestion made of the 
existence of some plasticity in these materials, contributing 
to the delayed fracture, and to the fatigue as a whole, 
However, the elastic strain energy causing the cleavage fracture 
must also be important. If the fracture process could be 
attributed to the relief of elastic stored energy, then the 
fatigue process could be explained in terms of its accumulation 
with cycling, Fracture would then proceed when the 
'saturation capacity$ for storing the energy was exceeded 
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either by single cycle strain or by an accumulative process 
under sub-critical stresses. Delayed fracture would then 
occur because the material would "atteript" to accommodate the 
energy imparted# failing whichi it would fracture, and thus 
relieve itself from the stored energy. These various 
speculations are interesting, but it would be. difficuit to 
substantiate them at the present stage --a stage of initial 
exploration of engineering behaviour rather than detailed 
investigation of specific mechanisms. 
6. MECHANICAL SHOCK AND IMPACT FATIGUE: ----"' 
6.1. APPARATUS: - 
No accepted'standard machinelexists-for obtaining impact 
strengths of ceramic, materials, especially under repeated 
impact loading. ' Therefore an apparatus*of the swinging 
pendulum type was'built, to, obtain information regarding impact 
strengths of 'Sintoxf aluminas under I sing2.0 and repeated blows; 
a photograph of which is shown in Fig, 53. 
It consisted essentially of a steel, shaftj mounted 
cnbronze bearings and was driven'by, a'variable speed motor by 
means of a chain and sprockets. Looped around the free end 
of the shaft were two 1/81' steel rods spaced 3 inches apart, 
but were free to move; the opposite ends of which had an 
53. I-hotograph of the repcated impact apparatu; 
11, Notor. S= Strikin- pin, lic. -mer 
-Ilectrical circuit, P Pickup arm, E 
G Specimen Crip. 
ý0-. --. -. ---. ----. --- -1 -- .-- 
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attachment for holding a cylindrical hammer, which could be 
varied as required. The rods and the hammer constitued the 
weight of the hammer, 
Between the looped rods was a pick-up arm locked to the 
shaft. A spring-loaded pick-up in the shape of a two-pronged 
fork was attached to the free end of this arra, which in turn 
was connected to a pivoted trigger further up the arm. 
Surrounding the shaft but mounted on the frame of the machine 
was a graduated steel ring, slotted on one side through 1800 
for a striking pin to site The assembly is shown schematically 
in Fig. 54. 
ACTION OF THE PICK-UP APM 
The pick-up arm revolved with the shaft and in doing 
so carried the hammer on the fork-, until the trigger made 
contact with the striking ping set at a predetermined anglel 
the fork then retracts allowing the har. =er to., fall on its 
own weight. The freely hanging hammer was picked up again 
by the pick-up arm at the end of the revolution and releasing 
it on coming in contact with the striking ping by means of 
the trigger. The process was repentedand multiple blows 
on the specimen placed horizontaW beneath the'shaft were 
achieved. 
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L 
atus 
A= graduated scale, B= motor driven shaft, 
S= striking pin, T= trigger, F= fork, 
P= pickup arm, W= hammer weights L= brass 
lead, G= tapered grip$ Sp M specimen. 
and the specimen holder. 
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THE DAMPING DEVICE. *- 
It was observed that the hammert when failing to break 
the specimen in one blow, rebounded and tended to tap the 
specimen several times before being picked up by the fork of 
the pick-up arm. As a result a damping device was incorporated 
on the shaft, This consisted of a spring loaded sliding cam 
riding on the shaft, between the sprocket wheel and the 
pick-up arm. Adjacent to which was a pawl, mounted on the 
frame of the machine. The cam was held, back by the pawl 
when engagedl thus allowing free movement of the pendulum, 
but when released the near rod carrying the hammer. was held 
by the forward movement of the cam.,.. 
The action was synchronised with the rotation of the 
shaft to allow the pendulum to be held from-rebounding 
inmediately after, the impact. ., ý-, The cara could also be held 
back from engaging with the pawl,, when, free, swingiof,. the 
peradulum was required for single blow strength-measurements. 
SPECIMEN HOLDER: - 
The test cylinder was held horizontally between two 
mild steel gripsshaped in the form of tapered cups, shown 
in Fig. 
. 
54. The cups were spring loaded to hold the specimen 
tightly by its ends, and were hold in steel pillars by locking 
screws. The pillars were fixed to a heavy baseplate and were 
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insulated, The cups contained a hollow stem through which 
brass rods carrying the connecting leads to the electrical 
circuit were placed in contact with the specimen, 
THE ELECTRICAL CIRCUIT 
A circuit was incorporated in the machine in such a 
manner that the machine was switched off as soon as the 
specimen fractured. This was achieved by feeding the power 
to the specimen through a microsvritch via a step down 
transformer, a rectifier, and an amplifier. The microswitch 
in turn was connected to the variable speed motor, driving 
the shaft, The ends of the specimen were coated with 
colloidal graphite, a streak of-graphite running lengthwise 
along the specimen to obtain a small current. through the 
specimen. The brass spring contacted, the graphite ocated 
end faces thus making the circuit complete. When the 
specimen fractured the circuit-was broken, thus stopping the 
machine from further operation. The cirlcuilt is described 
in Fig. 55. 
A revolution counter was operated by, the chain wheelf 
which registered the number of-blows given to the specimen. 
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6.2. ENERGY CONSIDERATION: - 
Vhen a specimen is ruptured by a pendulum type machine 
the energy indicated by the machine is the sum of several 
different energies, such as: the energy required to in'tiate 
1ý -- 
and propagate fracturev and the energy losses due to windage, 
friction, and 'tossing' the broken specimens. For such 
conditions the following relation can be considered to hold: - 
U0=Ur+ U1 + Uf 6a00000*0( 1) 
where U0= Initial energy of the pendulum before release 
Ur= Energy required to rupture the specimen. 
U1= Energy losses. 
Uf= Final energy of the pendulum. 
The factor U1 can mainly be attributed to the windaget friction 
and 'toss' losses apart from some energy losses absorbed by 
the machine structures. When a specimen rupturesby impact, the 
stored elastic energy is released; this, plus the kinetic 
energy brought by the swinging ham., er, j causes the broken pieces 
of the specimen to be thrown apart. This loss of the kinetic 
energy is commonly known as 'toss energy' loss. 
In order to evaluate experimentally the windage, friction 
andltoss'lossesl a theoretical basis on which such experimental 
evaluation depends needs to be discussed. 
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Considering only the energy losses due to windage (U. ) 
and friction (U f 
), the following relation now holds: 
U 
where UI and UI are initial and final energy of the 0f 
pendulum, 
If the total swing of the pendulum be 0 degrees, then 
the energy loss per degree becomes 
uw+uf=u, 
19uf 10 
This was experimentally determined by noting the initial 
and final angle of swing of the pendulum. For evaluating ttoss' 
losses, a broken specimen was placed in the grip and the initial 
and final angle of swing of the pendulum was observed. The 
difference between the initial (U-0) and final (U 0'. 
0 ) energies 0f 
is the measure of windage, friction and 'toss' lossos. (U d. 
if G' be the total angle in degrees traversed by the pendulum, 
the energy loss per degree could be obtained from the*equation 
U -, # -U -*. 0 
Uw+Uf+Ut=00 
61 
f 
If $0 now be the total angle of swing of the pendulum before 
and after breaking a specimen, the total energy loss would 
become (U 
u of 
u1- 
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Apart from the energies lost due to dissipation in the 
machine structures, the rupture energy of the specimen then 
becomes 
U=U 
u 114 -u 
do 
The energy (U) is the product of the weight (W) and the 
height 40). of dmp of the hamn. er. 
Thus U=Hxw 
where H=R (I + sin W) for W >90 0 
H=R for Q= 90 0 
H=R (1- cos V) for W w, 900 
W is the angle of swing 
R is the distance from the centre of the shaft to the 
specimen. 
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6.3. VELOCITY OF IMPACT CALCULATION 
At the moment the hammer comes in contact with the 
specimen, the potential energy of the har. in. er equals the 
kinetic energy. 
i. e, mgh =i mV 
2 
or mg(R-R cos W)= 4 mV 
2 
when W <90 0 
where m= mass of the hammer in lbs. 
R= length of the arm of the pendulum in inches* 
acceleration due to gravity = 32,2 ft, /sec, 
angle of swing of the pendulum 
V= Velocity of impact 
or Rg(l - Cos W) = IV 
2 
(1- Cos =2S iný 2 
2W2 Rg 2 Sin -2 =IV 
or 4Rg Sin 
2ý 
=V2. 
2 (0 
V2 
. 
/g, R. Sin 'E 19 
The above equation was used in evaluating the velocity of 
impact of the striker for various initial angle of swing. 
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6.4. EXPERIMENTAL PROCEDURE AND RESULTS 
6.4.1. EVALUATION OP ENERGY LOSSES 
The energy losses due to windage, friction, and Itossl 
were evaluated for the machine operating at 12 r. p. m. The 
speed was found suitable for the condition of experimentation, 
because faster speed gave inadequate time. for the damper 
to operate effectively, and slower speed increased the time 
period for obtaining fatigue properties. 
A 24 inch pendulum with 0.27 lbs. weight hammer was 
initially selected. The hammer was released from various 
initial angles, varying from 90 0 to 40 01 effected by the 
striking pin and trigger mechanism. The final angular swing 
after the release of the pendulum was noted. The angular 
readings were converted to energies in inche; lbs, and the 
difference between the two readings gave the losses incurred 
due to windage and friction. The losses due to windage, 
friction and Itoss' were evaluated in a similar manner with a 
broken specimen placed within the grips. . 
Experiments were repeated with the same pendulum but 
with a different hammer weight of 0.49 lbo The losses 
observed were similar. The results are shown in Tables 32A 
and 32B. 
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Similar procedures were followed with a pendulum of 
12-75 inches long and 0.418 lb. hammer weight; the results 
are shown in Tables 33A and 33B for windage and friction, and 
windage, friction and ttoss' losses respectively. 
6.4.2. SINGLE BLOW IMPACT STRENGTH OF ISINTOXI ALUMINA 
Single blow impact strengths of the material were 
evaluated for both hammer weights, 0.27 lb. and 0.49 lb. with 
a pendulum length of 24 inches, and hammer weight 0.418 lb. with 
pendulum length 12.75 inches, The test cylinders were chosen 
for their uniformity of shape, and tested for flaws by Zyglox 
penetrant. The test piece was then gripped within the 
specimen holdersl and finger pressures were applied before 
tightening the locking screws. The angle of swing of the 
pendulum necessary to fracture the specimen was determined 
in a step-wise manner. The damper was made ineffective, 
The rod was struck from a very low initial angle of 
swing. If the specimen was found to survive, the angle was 
increased by 100 until the specimen fractured. The procedure 
was repeated on a fresh specimen, struck fron, an angle 10 0 
below the minimum angle expected to cause failure, If the 
specimen failed, the angle was further reduced by 10 0; but 
when the specimen withstood the blow, the test was repeated 
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on the same rod at 20 increments until fracture of the specimen. ' 
The single blow impact strengths obtained for hammer 
weights 0.27 lb. and 0.49 lb. for a pendulum length 24 inches 
are shown in Table 34A and 34B respectively. In obtaining 
the rupture energy, the losses due to windajej friction and Itosat 
were also taken into account. Table 35 shows the results 
obtained for the hammer weight of 0.418 lb. and pendulum length 
12.75 inches. 
6.4-3. REPEATED IMPACT TESTS OF ISINTOXI ALLMINAS 
The repeated impact tests were performed with the 
pendulum length of 12.75 inches and the hammer weight of 0.418 lb% 
The specimen was mounted on the grips and was held with the 
spring loaded cup-holders, fixed to the pillars by the locking 
screws. Prior to mounting, the specimens were coated with 
colloidal graphite on their end facest and a strip of graphite 
running lengthwise from one end-face to the othert to achieve 
a flow of current across the specimenst for the control of 
continuous operation of the apparatus. The striking pin was 
set at 10 0 intervals below the initial angle required to 
fracture the specimen in a single blow, and five specimens 
were tested at each sub-critical energy level. The trigger 
on the pick-up arms on becoming engaged with the striking pin, 
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released the hammer, which fell under its own weight onto 
the specimen. This was repeated until the specimen 
fractured, which then broke the circuit and the motor was 
switched off. The number of blows imparted bn the 
specimen was recorded on the counter. The damper was 
synchronised with the rotation of the shaft to clamp the 
pendulum from swinging, immediately after the strike. This 
stopped the broken pieces being thrown apartj thus no Itosst 
losses' were registered; instead the rebound energy was noted 
during which the damper was mado ineffective for the first 
six blows. The rebound energy was subtracted from the 
initial energy with the necessary corrections made for the 
windage and friction losses, to determine the energy of the 
blow given to the test cylinder. Endurances around 10 
5 
cycles were taken as a limit at which the cylindrical edges 
of the specimens were found to have chipped and further 
electrical contact could not be achieved. 
Results are tabulated in Table 36, where the critical 
energy required for the single blow fracture was also included. 
The energy required to cause the fracture of the specimens 
was plotted against endurance in cycles in Fig. 56. 
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6.5. DISCUSSION: - 
MECHANICAL SHOCK 
The impact strengths were evaluated by the increment 
tests, presupposing that it does not influence the single 
blow strengths of the materialt although it was observed later 
that they are affected by repeated blows. Howeveýrj once the 
initial critical angle of the pendulum swing was established 
to cause the fracture of the test-piece, the rest were 
fractured within a close appro. 3ýimation of the previous 
reading, requiring at the most, five increments, It is 
noticed in the Tables 34 and 35, that the initial angles 
0 varied within 5 but the variation in the final angular swing 
caused appreciable scatter in the impact strengths of the 
material. It is unlikely that small variations in the 
VelOcitY Of imPact ? 5%) would alter the final swing of the 
pendulum unduly. 
The impact strengths of the ISintoxf aluminas obtained 
by three different weights and lengths of pendulum showed three 
different values. With a pendulura length of 24 inches and a 
weight of 0,27 lb, the in. pact strength varied from 3.305 in lb. 
to 5.167 in. lb, On increasing the weight to 0. '49 lb. the 
irapact strengths of the cylinders were reduced to values of the 
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order of 0.789 in. lb. to 2.344 in. lb; a drop of 45% on 
taking the mean values. Using a weight of 0.418 lb and 
pendulum length 12-75 inches, a value of the order of 2,216 
in. lb. to 3.65 in. lb. were obtained. 
The apparatus employing 24 inch pendulum length and 
0.49 lb. gave the minimum strengths of the material tested, . 
perhaps closer to the values that would normally be expected of 
these materials* The reason is considerad to be associated 
with increasing rigidity of the machine; for it is known 
that the impact strengths of materials varies with the machine 
flexibilitiest gripping pressure and material [88); the 
latter factor being kept constant in the present investigation. 
In the absence of any standard machine for testing 
brittle materials or accepted values of impact strengths of 
alumina ceramics, it becomes very difficult to judge whether 
the values obtained are high or low. Besides, previously 
reported strengths would vary with the length to diameter 
ratiog-for as demonstrated by Dinsdale et. 'al. 1851; below 
a critical value of 20, the impact strengths of ceramic materials 
increases rapidly, The size of the specimen used in the 
present investigation gave a value of length to diameter ratio 
of 10, which is of the sarae order of magnitude, used by the 
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above authors (value of 11 for 95% alumina ceramics) and of 
a value of 12 for the samples used by Kingery [841, and yet 
the impact values quoted by the respective authors were 
0.63 in. lb. and 1.2 in. lb. 
The impact strengths of the 'Sintoxi aluminas investigated 
appear to be high when compared with the values obtained by 
Kingery and Dinsdale et. al. The discrepancy could not only 
be attributed to the differences in the machine utilised, but 
also in the inherent properties of the materials used, namely 
modulus of elasticity, porosity and the surface condition of 
the test piece, It is unfortunate that no data are available 
on the variation of impact strengths with modulus of 
elasticity, porosity, and grain size, from which the relative 
merits of the impact strengths observed could be gathered. 
6.5.2, REPEATED IMPACT 
The Fig. 56, demonstrates an apparent fatigue effect 
of 'Sintoxf alumina under repeated impact, showing increasing 
endurances with decreasing impact energy. Study of the 
Figure 56, illustrates an initial incubation period followed 
by a steep slope. It is interesting to note that the 
materials endured a minimum of 10 blows at the high energy 
levels before showing signs of failure. As no failures 
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were observed within this induction period, the curve was 
extrapolated to the initial energy required to cause single 
blow fractures, 
The assumption noted in the literature that the impact 
values of oxides would be independent of repeated blows before 
failure was reasoned mainly because the oxides being brittle, 
elastic materials, the number of low energy blows would 
contribute only to the elastic deformation which is completely 
recovered. Such an assumption may be particularly applicable 
to flawless materials, On this assumption the experiments 
of other workers were limited to 10 to 11 blows [871. 
The present results, where the specimens were subjected 
to repeated blows even at a value of 0.29 of the critical 
energy of impact, demonstrated failures after several thousands 
of cycles (967 cycles at lower limit to 22440 cyclest upper 
limit), invalidates the basic assumption. The range of 
energy levels and the number of blows imparted on the specimens 
appears to be more than adequate to conclude that the impact 
fatigue is very real in these alumina ceraraics. "Real" from 
the engineering viewpoint, that is, for eventual fracture may 
well have been initiated from pre-existing flaws. 
If alumina ceramics are susceptible to delayed fracture, 
under static or dynamic loading conditions, there is no reason 
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to believe the phenomena should not be demonstrated upder 
severe (impact) loading conditions. The materials containing 
flaws, where the corroding constituent could penetrate causing 
delayed fracture. 
It is difficult to draw an anology with metals as to 
the possibility of work-hardening occurring in alumina ceramics; 
perhaps a closer relation exists to the behaviour of brittle 
plastics, as observed by Lubin and Winans [911. Examination 
of the impact fatigue curve suggests a possibility of 
accumulation of the strains induced in the material by 
repeated blows. Alternatively it could be envisaged, according 
to the concept of Williams 1541f applied dynamic fatigue, that 
the ends of the crack widening on impact, allow corroding 
constituents to penetrate deepert and on removal of the load, 
the entrapped constituent in the crack promotes a high stress 
at the crack points culminating In eventual failure of the 
material. 
GENERAL DISCUSSION 
COIIPARISON OF 'BlEIRMAL, I-IECHANICAL AND IMPACT FATIGUE 
BEHAVIOUR OF ALUMINA CERAMICS. 
Aluraina ceramics are generally regarded as being 
essentially brittle matýrials at all temperatures up to about 
13000C. They are also regarded as not being subject to 
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fatigue effects. However, it is considered that in the present 
work quite well-defined fatigue effects have been demonstrated 
employing repeated thermal quenching* normal mechanical stressing 
and rapid impact loading. It has been observed also that the 
form of the fatigue curves (quenching ranges stressl or energy, 
versus endurance) is basically similar in each instance, namely 
a stress plateaug or incubation period, followed by the 
conventional increase in endurance with decreasing applied stress, 
culminating in, for practical purposes, a fatigue limit. it 
should be mentioned that the possible existence of a fatigue 
limit under thermal cycling and impact conditions has been 
inferred rather than undeniably provedt but the inferenceg so it 
is suggested, is a reasonable one. 
It is worth noting that tentative conclusions have been 
drawn by Whitman et, al [403t to the correlation between impact 
strength and thermal shock resistance of some cerriets based on 
the similarity of the rates of loading in each case. The 
present work appears to be in agreement with the contentions of 
both authors, but has been taken further to demonstrate the 
essential similarities associated with repeated stressing. it 
nay be seen from Table 37, depicted in Fig. 571 where the ratio 
of subcritical thermal and impact stress to critical stress against 
the mean cycles to failure, of the scatter band is plotted, that the 
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curve obtained for impact fatigue is closely related to the 
thermal fatigue curve, especially with that obtained at the 
low cycling frequency (5 rainutes/cycle). As might be 
expected then, the general behaviour, and possibly even the 
mode of failure, are similar for rapid thermal stressing and 
high strain rate mechanical stressing. 
Attention should be drawn to the behaviour of the 
1Lucalox' material. Here again the general curve forms are 
similar though the thermal cycling curve is undoubtedly much 
shallower, implying less susceptibility to fatigue processes, 
Curiously, though, this implication is not borne out by a 
study of the mechanical fatigue behaviour, for here the 
fatigue effect appears to be even more pronounced than that 
for the 'Sintoxf alumina. It would perhaps be unifise to 
attempt to suggest any implications in the face of this 
seemingly conflicting data. Clearly, further more detailed 
study would be necessary to asses this. 
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7.2. THEORETICAL CONSIDERATIONS 
Various authors have attempted to correlate the fatigue 
behaviour of metals in terms of empirical expressions having 
varying degrees of physical meaning. Here also an attempt 
has been made to consider whether the fatigue results obtained 
may be expressed in some physical form having some physical 
basis. 
It is initially assumed that during repeated cycling 
the relation between strain energy and the number of cycles of 
strain is as depicted in Fig. 58. i. e. there is a cumulative 
strain or strain energy effect during subcritical cycling 
until a critical amount of energy has been storedl causing 
local fracture. This is in accordance with the evidence 
previously presented relating to crack initiation and 
propagation during thermal cycling. 
, The condition of fracture would then be: 
6N +EE m 
where 6=E+p 
Es being the 'stored' energy per cycle 
p being the plastic strain energy per cycle 
Em= Maximum energy per cycle 
E0= Local fracture energy. 
For complete brittle and elastic materials, the term IpI should 
be equal to zero. 
then 6=Es only, 
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Fig. 58. Hypothetical curve showing the accumulation 
of strain energy with cyclic straining. 
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Assuming initially a flaw of length 10 and that 
after N cycles this has propagated to length 1,, the pxtent 
U 
1- 1. 
) of propagation is considered to be directly rplated 
to the amount of available energy. 
Namely, 1 1- 10 t'r. 
(E 
sN+E M) I 
i, e. complete relief of all the available energy occurs, 
such energy being utilised in propagating the flaw. 
Again, a reasonable assumption would appear to be that 
(1 
1-1 
)u = k(E s 
N+E 
m) 
i. e. n log (1 1 -1 0) = 
log k+ log (E 
sN+Em 
If the stoýed energy per cycle is constant the 
.n 
n log (l -1 ) =. + log J(N + . 
0) 10ý 
where K= kE sI and 
0EM for entirely brittle materials 
sE 
Um +P when plastic strains s 
are involved, 
101 may also be modified to take into account the possibility 
of initial internal strain energy, but this. has been neglected 
in this simple treatment 
0 JA, & 
00 log(1 i- lo) ýA+ B' los 
(N + 0) (1) 
ý. 
= 
log K kE 
where n 
los. 
n 
- 
B= 
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For the propagation of a single crack observed during 
repeated thermal cycling through a quenching range of 200 0C 
01 (see Fig. 28) the constants X*9 B, and 0 are 0.237,0.66, 
and 0.25 respectively, 
A theoretical curve computed from the values of the 
constants, is also shown in the Figure. It may be seen that 
good agreement is obtained between this expression and the 
experimentally observed results. However, the value of 
0=0.25 signifies that the value of Es is four times greater 
than the applied energy IE m 
t, if plastic strain 'pl is 
neglected. It therefore suggests that for such a value of 0 
tpl has to be considered; indicating thereby that plastic 
strains were involved in the crack propagation, as observed 
experimentally, or that substantial initial internal stressdfcc-ts 
are involved. 
In a fatigue test of the repeated stressing (thermal 
and mechanicnl) type it may be considered that a flaw of length 
10 propagates to 1vi. e. to visible dimensions in N=N0 cycles; 
in other words, log (I., -10) is a constant, so that 
expression (1) becomes 
C=A 11 + B* log (N 0+ 
#I and 191 are functions of energy i. e. they are 
stress-dependent. 
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Assuming that the following relationship holds, 
cc M 
m 90 e 
where Se is the effective applied stresss 
and further that the value of 16t for each cycle is a constant, 
enables prodiction. of the maximum cycle energy. 
E 
m i. e. 6 and Em=C. Sd 
a- 
Now C=-I logk6 +-! log (N +Q) n 
kes'll 
n0 
11 
=- log log (N + 0) nan0 
or nC = log (LO-) + m. log. s+ log (N + 0) aa0 
i. e na log Se= nc - 1-e 
kc 
-log (N + 0) a0 
log S nC zc 1 -1 log. 
4 
emm log (N 0+ 
0) 
0 
9 ', log. S0= log(s-s 0)=A-B 
los(N 
0+ 
9) .. .'... ( 
where S is the applied stress (S e-S-S 0) 
S0 is the stress at which fatigue limit is observed. 
nC I kc 
A log 
mma and B 
-Im The expression (2) is identical to the expression 
deduced by Harris [681 for repeated bending'in mechanical 
fatigue of metallic materials. 'The mechanical fatigue results 
for alumina ceramic may reasonably be expressed in terms of 
the above expression. 
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Considering the fatigue curve obtained for the 'as 
received' 'Sintoxi batch IBI, this could be expressed as 
log (s - 9. '5) = 1.789 - 0.262 log (N 0+ 
16oo) 
The values of the characteristic constants A, B, and 0 
for the mechanical fatigue of 'Sintoxf batch IBI tested in 
different conditions and 'Lucaloxi in 'as received' condition 
are shown in Table 38. 
The forri of the thermal fatigue curve did not display 
a fatigue limit, simply because repeated straining was restricted 
to about 2000 cycles. The curve 'IdT - log N" cannot therefore 
be expressed in terms of the expresslon derived without 
extrapolation. The simplest practical relationship between 
the applied stress and cycles to failure is probably that due 
to Freudanthal [673 
viz: - S= Sm -K log N. 
where S= Fatigue strength for N reversals 
Sm Static or single cycle strength 
X Constant. 
Assuming the quenching range and applied stress are directly 
related, then the above form could be expressed in terms of 
temperature range thus: - 
-: t88- 
dT = dT m-X 
log N... *&9*e* 
(3) 
where dT = applied quenching range 
dT 
M= 
I'Lean critical quenching range 
(i. e. to produce single cycle damage) 
N* = Cycle of shock to produce visible damage. 
K= Constant, 
15.6 (10 min*/cYcle frequency) and 
24.2 (5 min. /cycle frequency) for"Sintoxi 
aluminas and 8.78 (10 min. /cycle frequency) 
for ILucalox' aluminas. 
The constant IK4 may be regarded as being dependent on the 
frequency of cycling, on the heat transfer coefficient of the 
quenching media, and those material properties governing thermal 
stress resistance. For the high stress data presented a 
single plot is possible. 
i. e. for R vs. log N. 
dT 
where R=- 
dT 
m 
Equation (3) can be written as 
log N= D(l R) 
dT 
where D 
The value 4DI would be constant for a particular set of testing 
conditions, and the expression provides a reasonable fit within 
the scatter band from R= it N=1, to R=0.86, N. = 409 for 
'Sintox' and up to N= 320 for 'Lucalox'. 
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The expression may also be employed to give a reasonable 
fit for impact fatigue data replacing S and Sm with impact 
energy dU and dU M respectively, on 
the basis of the assumption 
that applied impact energy is directly related to applied stress. 
.0 
e* dU = dU M. -K 
log N. 
or log N=D (I - R) 
where R is 
dU 
and D= 
dU 
M dU 
K 
The value of X is 0.5, and for R= 19 N=1, R=0.80 
N= 501 the expression agrees reasonably well. 
The nature of the curves seen in Fig, 57, for the 
thermal and impact fatigue of 'Sintox' suggests an approach 
towards a limitt particularly relevant to the impact fatigue 
(at R=0.23; i. e. dU = 0.93 in lb. ) curve and if a limit is 
assu. -tied, it would then be possible to express the curve in 
terms of the expression previously deduced. 
i. e. log (dU - 0.93) = 0.467 - 0.213 log (110+ 40) 
The value of such speculations beyond the results 
available is doubtful, but the type of the fatigue curve 
suggested by the impact tests is similar to the curves obtained 
by mechanical fatigue. 
It is felt that the expression deduced must be regarded 
purely as an empirical approach particularly in view of the wide 
scatter in the resultsq and besides the utility of such an 
expression becomes rather limited due to the vast nature of 
the fatigue problem as a whole. 
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8. CONCLUSIONS 
(1) It is evident that the high alumina ceramIcs are 
subject to thermal fatigue, Repeated subcritical quenching 
below the quenching range for single cycle damage, results in 
eventual damage, the cycles to such damage increasing with the 
decreasing subcritical quenching range. It is believed that 
the heat transfer at the edge of the specimen where cracks were 
found to initiate is effectively infinite. With repeated 
subcritical quenching of 'Sintoxl aluminas, surface pores often 
became apparent and joined up to form a visible crack, while 
on occasions they acted as crack barriers, the action 
presumably depending on the shape of the pores. With 'Lucalox'9 
containing virtually no surface pores, there were, no barriers 
to crack propagation and damage propagated catastrophically. 
This material exhibited shallow thermal fatigue curve. 
These observations lead to the belief that in 'Lucalox' 
the cracks are nucleated by cycling, and once formed propagated 
easily, while in 'Sintox', the cycling only propagated the 
existing flaws to visible damage. The study of the crack 
propagation of ISintox' aluminas showed the crack lengths 
increased in a step-wise manner with repeated cycling in place 
of sudden propagation throughout the body,. of the material. 
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(2) The 'Sintoxf aluminas demonstrated an in-pact fatigue 
effect. Repeated blows below the 'critical' blow to cause 
tsingle blowl fracture resulted in eventual fracture, the 
number of cycles to fracture increasing as the impact energy 
was decreased. 
(3) The high alumina ceramics considered in this work 
are also subject to static and dynamic mechanical fatigue, 
The fatigue strengths of 'Sintox' aluminas were found to 
improve in dry argon or liquid nitrogen atmosphere testing 
conditions. It is believed that both moisture and mechanical 
fatigue are influencing factors. 
(4) The nature of the fatigue curres'obtained under 
repeated thermal and impact stressing are similar, with a 
small induction period followed by a steep slope. Mechanical 
fatigue demonstrated a longer induction period at high stresses 
suggesting delayed fracture tentatively believed to be due to 
crack blunting either by moisture (static fatigue) or by plastic 
flow 'at the crack tip (dynamic fatigue in liquid nitrogen) or 
by the combination of both (dynamic fatigue in normal atmosphere) 
The cleavage steps and the river patterns in conjunction with 
smooth fracturo surfaces of the mechanical fatigued 'Sintoxf 
alumina indicates that the failures were not entirely brittle. 
It has been emphasised that plastic deofrmation effects may 
play a significant role in the dynamic behaviour of such materia: 
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SUGGESTIONS FOR FUTURE WORK. 
The work reported demonstrates that alumina ceramics are 
prone to fatigue failures, yet the work remains incomplete, 
as it only "scratches the surface" of a vast potential 
field of study. 
It is felt that more work needs to be carried out 
at subcritical stresses on thermal and impact fatigue 
particularly, to demonstrate the existence of a fatigue 
limit, and to elucidate crack propagation behaviour. 
In the present work the importance of surface porosity 
influencing the fatigue property is implied. To clarify 
the effect, studies on materials with various degrees and 
types of porosity need to bu performed. 
More information is needed on the effect of moisture 
and temperature on the fatigue properties of these materials, 
and perhaps, study of the reaction kinetics of the corroding 
constituents, and basic mechanism leading to fatigue failures 
for poly- and single- crystals of alumina would provide 
additional relevant data* Information relating to fatigue 
processes in ceramics other than alumina is also desired. 
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TABLE 1. 
Thermal conductivity of someCeramic materials 
(after "Ungery [151 ). 
Miaterial Thermal Conductivity 
at 
Cal /sec. /cm 2 6 C/cm. 
100 0C 1000 0C 
Al 203 0.072 0,015 
BeO 0.525 0.049 
I"go 01090 0-017 
UO 2.00 0.024 0.008 
Graphite 0.43 0-15 
z 02 (stabilised) 0.0047 0.0055 
r 
Fused Sio, glass 0,0048 o. oo6 
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TABLE 2. 
Thermal Stress Resistance factors for some Refractory 
materials, (after I'Ungery [61). 
i 
L 100 0C 9000 C 10000C 
Material R f R R If R R .0 R 
0 Cand Cal. /sec. /cm. 
Sintered Al 203 37 2.7 36 ill 40 o. 6o 
Alumina Porcelain 60 2,2. 6o 0.9 58 0.43 
Sintered BeO 33 17.3 31 6.9 14 0.69 
Graphite 56o 24,0 56o 15.0 6oo 9.0 
Sintered RgO 22 1.9 24 0194 26 0.45 
Sintered ZrO 2 (stabilised) 66 0.31 62. 0.30 53 0,29 
Fused SiO 2 2,500 9,5 2,40o 10.1 - - 
-202- 
9 
TABLE 3. 
Thermal fatigue test data on Silicon Nitride (Type D). 
(after Glenny and Taylor [461) 
Naterial Density Nature of IN If cycles 
g/mi. test cycle 
0 T= 1020 C, 2 
3. o6 Rapid cooling' 29C 
2.89 13f 
3.13 85f 
3.13 365f 
3.13 105f 
3.12 85f 
3.12 1.5f 
3.12 95-Of 
3,. 12 1.5f 
3.12 1,5f 
3.20 405 uc 
3.21 903 uc. 
c= crac'. -. ed; f fractured; uc uncracked. 
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TABLE 
Empirical fatigue formulae 
i 
Expr 
I 
ession iSource Ref. 
S=S 11 log, 11 i A. M. Freudanthal 67 
log(S S C-X log. 
0 
(11 +N 0) W. J. Harris 68 
SS 0 (a log. 14 + 6) E. Eprenian 69 
STS 
0 
0RZ (log. N )m 
1 
W. Weibull 70 
S T- S0 
Nac=b L. F. Coffin 48 
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TABLE 2. 
Chemical analysis of 'Sintoxt alumina. 
Al 203 94015% 
. Sio 2 2.6 2Yo 
cao 1. glyo 
Fe. 0 3 o. o96% 
TiO 2 o. o6g% 
mgo 0,018% 
K2 0 0.136yo 
Na2 0 0*097% 
Cr203 0.147% 
TABLE 6 
Properties of fLucaloxt alumina. 
General 
Constitution m aluraina 
Purity 99ý'99% A12 03 
Density 3.98 gms/c. c. 
Porosity essentially zero 
Mechanical 
ýA 
Transverse 
rupture strength 
Poisson's ratio 
Young's Modulus 
45,000 P. 'jg. i. 
average 
0,205 
56.1 x lo 
6 
P,, S*i* 
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TABLE 
Heat-transfer coefficient measurements 
MERCURY 
T20C. T10C. TB0C. t. sec. , h. cai/cm 
2oC. 
sec. 
137 4o 30 9 o. o48 
207 40 29 12.15 0.04 
212 40 28 13.8 0.035 
310 4o 26 14-7 0.036 
432 40 31 16.8 0.038 
6oo 6o 23 20 0.033 
L 
RUNNING WATER 
0 
T2 cl 0 T1C. iTBC. 
1 
t. sec. 
2o h. cal/cm, C, sec 
1 
200 6o 20 0 7 . 050 
300 6o 20 0 10 . 044 
'ime in 
Mins. 
2 
21 
3 
31 
4 
41 
5 
51 
6 
61 
7 
71 
a 
9 
10 
11 
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TABLE 8 
Calibration of the s pecimen. Temp. against fuýact TetaEý: '. -j ' Quenching 
ba th H 2 
!"ýI-, ý - i,,, ", z, I 2 
Furnace Temp. =160 c"f Furnace Tempe=2 Furnace Temp* =2 0 C. 
ic 
Furna e Te 26o' 
Sp T. Sp. T ., S p T. SpeT SP. 14 Sp. T. 'Sp. T. Sp. T. i 
, 
: ýp OT 
Sp. T. ......... Sp. T. SP. T. j 
2 
j 
1 21 3 ý 2 3 1 2 3 
40 41 42 45 45 44 64 64 64 53 54 53 
50 51 54 54 59 59 64 66 67 76 76 76 
55 56 58 61 64 66 5 76 78 80 97 
6o 61 64 66 68 70 .. 77 79 
81 83 180 
63 63 68 68 79 i 71 106 124 138 Igo 
65 66 83 69 72 73 122 
1126 
139 151 175 202 
67 70 94 78 84 90 150 157 169 182 Igo 
209 
69 80 loo 96 100 102 1 73 177 184 197 
217 
61 94 lo6 
1116 
121 126 
1 
'187 lgo 194 
1 208 214 222 
80 lo4 
1 
ill 1123 130 136 -ý195- 198 0 20 
217 
1 
222 225 
100 110 114 
1 
'138 140 144 2o4 207 223 
225 232 
ill 118 119 
1114 
148 151 ý, 268 209 211 228 
231 235 
118 120 121 
1152 
155 158 212 215 218 233 
235 239 
121 122 123 158 160 1 162 ý218 221 222 238 
240 241 
124 125 125 163 165 168 1,223 224 226 
241 242 243 
128 128 129 168 
! 170 171 ", 
228 229 230 244 
244 246 
130 129 131 172 
1174 
175 -. ý30 230 
232 247 248 
249 
131 132 132 1175 177 179 
-,; 
234 223 249 
251 251 
L33 133 134 178 1180 181 -235 236 
235 251 253 
253 
135 136 135 180 
1182 
182 236 
253 255 254 
7ý 
TABLE 8 (Continued '"'. 4 
Calibration of the Specimen. Temp. ag ainst furnace TeTP Quenching bath H0 
Furnace Tempi, = 1600C Furnace Tempo= 2000C. ----! 
Furnace Temp. 2400C. Furnace Temp. sý 2600C. 
. 
Time SP*T, Sp T. Sp. T. Sp. T. Sp-. T* Sp. T. Sp qT, Sp*T* 
f -SP. T. SpT, Sp, T. 
Mins. 1 
1 
3 1 2 .3 2 3 
2 2 
12 136 138 137 182 188 184 11. :,, 237 239 238 2,5.5 257 256 
13 - 139 139 184 185 186 "239 240 239 - 259 257 
14 139 141 141 186 188 -ý40 240 240 259 260 259 
15 141 143 143 187 188 
1 
189 26o 260 260 
16 143 145 144 188 189 190 
17 1411 147 146 190 191 191 
18 146 148 147 192 193 192 
19 147 150 150 194 195 
20 149 151 152 196 196 1 197 
21 151 152 153 198 197 199 
22 152 1.54 154 199 198 200 
23 151, 156 155 200 200 200 
24 155 157 157 
2.5 157 1.58 159 
26 158 159 16o 
27 16o 16o 16o 
ime in 
Mins. 
I 
1 
if 
2'. 
21 
3 
31 
4 
41 
5 
51 
6 
61 
7 
71 
8 
8j 
Furnac 
Temp. 
: 
1600C 
Sp. T. ISp. T., l Sp. T. 
1213 
37 
56 
72 
82 
91 
98 
104 
109 
114 
118 
122 
12.5 
128 
131 
133 
135 
137 
42 40 
63 59 
77 77 
88 87 
97 97 
103 103 
108 log 
113 113 
117 118 
122 122 
125 
128 
130 
133 
131, 
137 
138 
126 
129 
132 
134 
138 
140 
1112 
TABLE 9. 
Calibration of S pecimen Temp. against Furnace Temp. 
Mercury q 
1-' 
4 
uench- 
Furnace 
0 
Furnace 
10 40 C 
", Furnace 
---T ,, 280 0C 
Furnace 
320 0 C. rem Temp ,= 200 C. Temp .=2 , 
em I er , p. 
Sp. Tq Sp T, 
lSp, 
T. Sp. T. 
jSp, 
T, Sp. T-. ý- -, -ý-, 'Sp,, T, Sp, T, Sp. T. Sp. T. Sp. T. Sp. T. 
2 
I 
3 2 2 3 2 3 
52 59 57 73 74 7110 104 130 132 130 
83 88 83 100 109 100'-. ''ý '2147 142 185 188 186 
100 106 107 124 124'L 162 162 214 216 215 
111 119 113 140 152 138: -, " 184 180 179 226 228 226 
122 129 124 152 167 154'. 4202 193 194 210 253 251 
129 139 127 163 174 6 1 2 12 203 204 260 264 
262 
137 145 139 172 183 7ý- 1 212 217 217 273 275 
271 
141 151 1113 179 189 180-- -"i230 224 224 281 284 
282 
147 156 151 186 194 183'ý- 237 234 233 286 
288 286 
152 16o 155 193 189 jqq"ý'. 2 43 240 239 290 
295 292 
157 164 159 199 103 196ýý, 247 2117 246 292 
297 293 
162 167 163 203 207 201: ""-, 251 253 251 295 
298 295 
165 170 166 208 210 203 254 257 257 298 
301 297 
16q 172 16q 212 213 209-' , ý258 261 261 
300 302 299 
173 174 172 216 214 213., 
260 264 263 301 303 301 
176 177 174 218 217 214 -1261 267 267 
302 303 
179 178 177 221 218 218": : '--i 
263 269 268 301 304 303 
. wo 
Furnace 
Temp. - 1600C. 
Time in Sp, TJ Sp. T. Sp. T. 
19 
10 
1 11 
12 
13 
14 
1.5 
16 
17 
18 
19 
20 
21 
22 
23 
24 
1 2 3 
139 139 
rl 
43 
140 140 144 
142 143 14.5 
1143 144 146 
144 145 148 
146 147 - 
- 148 150 
148 149 151 
150 150 152 
151 152 153 
15 2 153 155 
154 
156 
157 
159 
16o 
156 
158 
159 
16o 
156 
158 
159 
16o 
16o 
Furna ce 
Term. :=2 
TABLE 9' (Continued) 
Furnace '.,; ', ']Furnace 
00 "'Tem 280 C, 
-C. 
Temp. 24oo TeZac= 
Sp. T. I Sp. T. I Sp. T. 1 Sp. T oI Sp oT o 15P OL'I "---4p TI Sp. T; Sp. T 
182 
183 
184 
179 
180 
182 
-n- 
187 184 
189 
191 188 
192 190 
195 192 
197 194 
198 196 
200 198 
200 200 
2 1 '3- 1 2 3 
178 222 219 420: , 
r'ý268 
' 
272 271 
180 223 
0- ", 
" I. 2224 
f ý - .4 
"267 273 272 
181 225 223 22 4 "269 27.5 274 
183 226 225 2? ý*. - . 
'ý'ý--.. 271 277 276 
18.5 228 - 229' .:;, 
ý, 273 278 - 
187 231 229 232" 274 280 278 
189 233 231 - 233,: ý 1, , 
276. 280 280 
191 23.5 234 235-' 
, 
1 280 280 
192 238 236 237- -. 280 280 280 
195 240 238 23?, ' 
196 1 240 240 24d: 
Furna, ce 
Temp. 
-= 
3200C,, 
Sp, T, Sp, T, 
112 
303 305 
304 3o6 
3o6 308 
309 
312 
315 
318 
320 
320 
311 
314 
316 
218 
320 
Sp, jT. 
304 
305 
3o6 
308 
310 
313 
315 
317 
320 
198 
200 
:' "1 
. .. t 
1- 
.. 
-210- 
TABLE 10, 
Single cycle shock failure of "Sintox" Al 0 with 2Z-3 
holding time(mercury quench)at temperature. 
e T2-TI 
dT Time at Uncracked Cracked c 0 C. temperature (t 0 
190 9 min. 2 1 
200 of 1 2 
210 0 3 
194 f 8 2 
205 0 3 
194 7 2 
201 0 3 
190 6 2 1 
200 
.1 
2 
215 0 3 
227 5 2 1 
240 2 
255 0 3 
247 4 2 1 
255 2 
270 0 3 
268 3 2 1 
2Z8 0 3 
266 2 2 1 
280 0 3 
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TABLE 10 (Continued) 
T-T dT 2 1 C 
Time at Uncracked 
liCracked 
0 C. 
I temperature (t 
0 
270 1 min, 2 
282 
292 0 
260 45 secs. 2 
290 2 
298 03 
282 30 see. 2 1 
297 it 1 2 
307 11 10 
310 15 2 
322 2 
332 0 -3- 
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TABLE 11. 
Single cycle shock failure of IlSintox" alumina, 
Quenching in water. Incrementaltests, 
T2-TI 
dT 
me 
Time at 
temperature (t 
0 
Uc c 
117 9 mins. 3 0 
153 9 3 0 
165 9 3 0 
182 9 3 0 
185 9 3 0 
196 9 2 1 
213 9 1 2 
220 9 0 3 
TABLE 12. 
Single cycle shock failure of "Lucalox" alumina. 
Mercury__quench. Incremental test. 
TT 2-I, Time at U^ 
I 
c 
dT 
M 
temperature (t 
0 
158 9 mins 3 0 
168 9 11 3 0 
173 9 it 2 1 
178 9 1 2 
181 9 0 3 
UC = Uncracked, C= Cracked. 
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TABLE 13. 
Probability or Failure 
Incremental Test 10 mins. /cycle. 
T2TIn dT 
c0c 
Uc. C. failure 
190 6 00 
210 6 00 
220 5 1 16.6 
235 3 50 3 
1,155 2 4 66.6 
263 2 4 66.6 
275 1 5 83 
235 0 6 100 
295 0 6 100 
TA3LE 14 
Probability or rallura 
10 mine. /cycle - uncapped 
T2-TIa dT 
c0c 
Ucl, C, failure 
210 6 0 0 
218 4 2 33.3% 
235 2 4 66.6% 
255 1 5 83.3% 
265 1 5 83.3% 
270 0 6 100% 
1 
1 278 1 1 1 OC*/ 16 
UC m Uncracked, Cv Cracl: ed. 
-21L4- 
TABLE 15 
Probability of Failurel. 
10 mins,, /cycle. Ca]2ped with alumina cement 
2-T1= dT c0C. 
UC. C. Yo failure 
220 6 0 0 
232 5 16.6% 
241 5 16.69/9 
253 4 2 33.3% 
260 3 3 50% 
268 1 5 83% 
279 0 6 100% 
UC = Uncracked, C= Cracked. 
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TABLE 16 
THEIMAL FATIGUE OF ISINTOXt ALUMINA 
FREQUENCY 10 MINS/CYCLE 
dT = 200 
0 C, 
T2-TI 
0 
R OT dT uc, C, N 
1 
Remarks 
dT C m 
183 2 1 20 Bowed 
91 1 2 50 Taken for crack 
0 3 i 68 propagation stud 
2 1 100 Bowed 
170 . 85 0 3 136 
166 . 83 1 0 3 150 
16o 2 1 35 
. 80 1 2 271 
0 3 1368 
150 2 1 290 
. 75 1 2 275 Taken for crack 
0 3 678 propagation study 
140 2 1 84 
. 
'7 1 2 127 
0 3 300 
137 2 A 140 Bowed 
. 685 1 2 340 1 
0 3 591 1. 
130 2 1 ý140 
. 
'65 1 2 550 
0 3 650 i 
120 2 9 
.6 1 
11 
2 2 
0 
17 
01 31 352 
100 2 1 416 
.5 1 2 721 
'01 7- 1920 4Uhdama ed 
82 3 0 2075 -4U damarad 
-- . 41 ! 1; zp 
UC = Uncracked, C= Cracked. N 
-216- 
TABLE 
_ 
17 
THEMIAL FATIGUE OF ISINTOXI ALUMINA 
FREQUENCY 5 MINS. /CYCLE 
dT 
m= 
268.5 0 C, 
T 2-T 
R 
dT. Oý, dT UC. C. N. Remarks dT 
in 
2 1 5 
241 89 1 2 20 
0 3 35 
220 2 1 20 
82 1 2 30 
0 3 4o 
200 2 1 30 Bowed 
74 1 2 70 
0 3 99 
178 2 1 30 Bowed 
. 66 1 2 80 
0 3- 100 
68 8 2 1 150 
626 1 2 250 
0 3 615 
161 2 1 471 
. 596 2 1 740 
Discontinued 
158 . 588 0 3 
865 Bowed 
150 2 1 68 
559 1 2 140 
0 2 1_241 
147 1 2 1 500 1 
. 547 ,0 3 700 
132 1,49 1 2 
80 
0 3 750 
120 8 1 178 
. 45 1 2 233 
0 3 1304 
UC = Uncracked; C= Cracked; N= Cycles to Damage. 
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TABLE 18 
THERMAL FATIGUE OF ILUCALOXI 
FREQUENCY 10 MIN/CYCLE 
dTM = 177 OC. 
T2-TI dT R= 
dT U, C, C. , N, 14, average 
0 C 
m between upper 
dT . lower. 3imit 
2 
170 0.96 1 2 16 10 
0 3 2.0 
162 2 1 15 
0-915 17-5 
0 3 20 
155 2 1 55 
0-876 It 2 343 320. '5 
0 3 586 
150 o. 846 3 0 2000 ; tUC, 2000 U. C. 
UC = Uncracked; C= Cracked; N= Cycles to Damage. 
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TABLE 19 
PROPAGATION OF CRACK 
10 min. cycle H2. quench 
0 T2-T1= dT C 14 Total Remarks 
Crack length 
200 0 2,0 mm. A. Single cycle 
crack by previous 
quenching 
1 2-7 B. Crack grew in 
1 cycle 
2 217 C. No change 
5 3.4 D. Crack grew in 
1 3 cycles 
10 3.4 No change 
15 3.11 No change 
20 3.4 E, No change 
30 8.4 + 3.4 F. Two new cracks 
+ 3.7 15. '5 _of 
lengths 3.4, ' 
3.7 developed 
on same line, 
40 15.5 'No change 
48 15.5 No change 
6o 15.5 No change 
81 15.5 G. No change 
go 15.6-16-2.7 The previous two 
+ 6.7 new steps-with old 
new = 24.6 crack, joining with 
two new cracks in 
the gaps. 
96.214.6ý No change 
102 36 H. Total longitudinal 
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TABLE 20. 
Propagation of Crack 10 min. /cYcle Hq. quench. 
IT 
-T dT 
0 C, N. Crack length in nun, Remarks 2c SP. 1 Sp. 2 
182 1 . 9+1.3 1. 
= 2.2 1.8 
2 . 9+1.3 1.8 
2 
_19+1.3 -1.8 
11 1.5+. 1.3 .9 increased 
= 2.8 1.8 to-10 
17 2,8 4.0 1.8 increased 
to 4 in 16 
cycles, 
23 2,8 4.2 
30 2,8 4, *2 
40 new 2,8+1,0 
= 4.4 
1 4,2 
50 404+2, & ew 4,2+6 9new 2,0 mm, crack 
SPI 
6.9 in Sp2 
6o 6.4 4.6+6.9 4,2 increased 
= 11.5 to 4.6 
80 6.4 ll., 5 No change 
101 6.4 11,5+ 1, qew 1**q New crack 
= -13.4 in Sp. 2, 
17 6.4 13.4 No change 
134 
-6.4 
13.4 No change 
152 6.4 12.4 No change_ 
175 6.4 27.4 Longitudinal 
crack running 
from one end 
face to another 
204 6.4 
227 6.4 
276 6.4 
317 6.4 
_341 
6.4 
387 27 mm. 6.4 increased 
into a long- 
itudinal crack 
410 I 35 Further increas 
- 
to 35 mm. - 
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TABLE 21 
Propagation of crack. 10 min. /cycle Hq. quench 
T2 -T I =dT C0C. 
N. Crack length mm, Remarks. 
150'C. 1 1,7 
5 1.7 
11 4,, +2,. 4'ew= 6.3 1.7 increased 
to 4.1 1 new 2.2 
15 6.3 No change 
20 6.3 No change 
25 6.3+2.3+1. '7=10. '3 Two new cracks 
30 10*3+2,2+1.5+6.6 Other end of two 
- 20.6 new cracks 2.2 
& 1.5 
37 20.6+2 5+, 1.0 2.2 crack increased 
= 
ý4.1 
by 2.5 & 1.5 by 
45 24.1 
I mm. 
No change 
54 24. 'l No change 
6o 24.1+0.7=24.8 2.5 crack 
increased by 0.7 
70 24.8 No change 
84 24.8 No change 
101 24.8 No change 
125 24.8+. 8=25.6 A new crack of 
0.8 mm. length 
143 25.6 No change 
157 25.6+1.4=27*0 .8 Crack increased by 1.4. 
170 27.0 No change 
185 27.0 No change 
200 27-0 No change 
228 27. '0 No change 
252 27.0 No change 
282 27.0 No change 
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TABLE 22 
Computed teraperature range to exceed the tensile strength 
of Sintox. Material properties at 1000c. 
E 100 =46,2 x 10 
6 
peseio; M 100 - 
6.0 x 10-6 ins/in/ 0 ce, 
k 100 = . 04 cg. s. units (1-1%) 100 =. 
1 762. 
h ah/ k cr 
* 210 
dTý c 
0.02 . 128 0.025 2164 o. o4 . 257 0.055 990 o. o6 . 385 0.075 787 0.1 . 641 0.12 454 o. 14 . 898 0.15 361 0.18 1.156 
' 
0.17 322 
0,22 1. 41 0,20 317 
06 Material property at 200 C. E 200 
45.6 x lot 
0C. 1 = 7-0 x 10-6 ins/in/oC. k '03 c. g. s units; 200 200 
(I - 10200 = . 76. 
h ah/. T2-T 1 
= dT m 
OC. 
0., 02 o. *169 0.03 1587 
0.04 0.., 342 0.07 685 
o. o6 0.541 0.09 529 
0.10 0.855 0.14 338 
0.14 1.197 o. 18 263 
o. '18 1.63 0.22 216 
0.22 i. 8o 0., 23 196 
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TABLE 22 (Continued) 
Material property at 300 0 C; E 300 x 10 
6 
a 300 r2 7*5 x 10 
4 
ins. /in/ 0C 11 
k 300 ' 0.025 c. g. s. units; (1-11) 300 758. 
h ah /k TT= dT 0c 2- 1m 
'02 0*205 . 05 884 
004 0.410 . 08 600 
. o6 
, 
0.618 . 12 374 
110 1.028 1 16 280 
. 14 1.44 -.. 20 2.24 
. 18 1.84 . 24 185 
. 22 2*26 . 26 172 
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TABLE 
, 
23 
BENDSTRENGTH OFISINTOXI BATCH (B) AND ILUCALOXI 
Loading Rate = 60 lbs, /sec. 
,., ocimen Condiilon ia. of Calculated Mean Stress , Number Ylinder Stress (S m 
ne; Tons /SSL. 1h., 
. 2o4 23.18 
2 . 205 27.3 28. 
'55 
3 s Received 0.201 31.8 
4 Sintox .2 r 29. 
'8 
5 O. 202 30.7 
1 
1 
0.2 32.41 
2 
1 
0.203 29.75 
3 iquid 0.203 28.82 29. ''69 
4 Nitrogen 0.204. 29.65 
5 Atmosphere 1 0.2 27.86 
Sintox 
I Vacuum Treated O. 
'2o4 26-79 
2 
at 800 0C for 
0.202 27-34 
3 1 hour prior 
0.2o4 27. '77 28.66 
4 to testing 0.199 32.9 
5 in Argon Atmos- 0.2o4 28.52 
Phere. SinI 
1 
I As Received 0.25 16.74 
2 Lucalox 18-30 17 . 
'9 2 
3 18-74 
1 0.2 23.6 
2 Surface 10.202 23.19 24.66 
3 Ground 0.199 
1 
26-75 
4 Sintox 0.199 24.94 
5 
10. 
'2 24.85 
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TABLE 24 
MECHANICAL FATIGUE. 3000 CYCLr,. s/MINUTE FREQUENCY 
BATCH IAI 
Specimen Din. of CniLculated Endurance 
Number CYlinder Stress I Re'marlka 
2% Ins. Tons. /Sq. In cycles Seconds 
0119 24.2 BEND 
2 22.6 ST. -RENGTH 
3 20.5 
4 21,5 i 
1 0119 24.2 50 1 MANUAL 
2 20,5 3 2;, IxiO 
14; 
2xlO TURNING 
3 20.5 5 OF 
4 20,5 4 ECCENIWC 
5 20.5 6 
6 20.5 7 
0.19 19.75 2 5xlO 1x 10 
2 7x 103 1.4X10 
3 1.5xlO 3 3x 10 
4 1,1XIO 
4 
2.2xlO 2 
5 5.02xl 10 
1 0.19 1 19,2 
53 1.7xlO 3.4xlO 
2 4-102 3-5xlO 7. Ox I 
3 3 j, 8x, 02 9.0XIO 
4 1.5xlO 5 3. OxlO 3 
5 3 4. oxio j8. OxlO 
1 0.19 17.5 312 5xlO 1x 10 
2 53 2.5xlO 5x 10 
3 
1 
53 2.07xlO 4.2xlO 
4 
Ii I 
6.5 x1051,1.3xlO 
4 
-. -4.1 Ix . q XAU 1,3xlu- 
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TABLE 24 (Continued) 
Specimen Dia.. of 
1 
Calculated 
-Enduraneq -----Remarkt Number C linder +Y 2% Ins. i 
Stress 
Tons. /Sq,, In. Cycles Seconds 
1 0.19 16. 'l 1.3x, 05 2. *6x, 03 
2 i. 6xio 
6 
3,2xIO 4 
3 5'3X10 4 i. o6x, 03 
4 ii8xio 4 3,, 6 x1O 2 
5 2.94x, 05 5,8 x, 
3 
1 0,19 14.5 1 X10 
6 
2 x10 
4' 
2 1*24xI0 
6 
2.5x1O 
4 
3 5. '79XIO7UB i. 'i6xio tm 
4 4AX105 9.6. xio3 
SPEC- 
IMEN 
5 5. o6x, 05 1, . OIX10 
4 BOWED 
6 5 4.5x1O 3 9, Ox 10 
1 0.19 13.0 1,22xIO 
6 
2,44x10 
4 
2 1.3x1O 
6 
2.6xio 
4 
3 3. O8xIO7UB 6.16x 10 IUB 
4 3.8 X106UB 7.6x 104UB 
5 7,2 x105 i. '44xio 
4 
6 3.1 x, 05 6.2 X103 
7 
011OX107 2 UB 
4. '2xIAM 
8 3,37xIO7UB 6.74XIAIB 
1 0.19 ll,, 5 4.5 xIO(bB 9x 104UB 
2 38 XIO 
6 Ud , 7. '6xlO4TB 
3 
:, 
02x, 07U 1 2., OX105LB 
4 1 5,, 54XIO 6U 
1 
j 1.1x, 05M 
-5 1,5--XIO 
8M 6 
_3. 
Ox1O UB I 
U. B. - Undamaged 
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TABLE 25 
MECHANICAL FATIGUE. 3000 CYCLES/XINUTES 
BATCH IBI CONDITION AS RECEIVED, Sm= 23.24 T. S. 1, 
specimen 'Dia. of Cale. Stress Endurance 
Number Cylinder 
1(S)Tons/Sq*Ift* 
Cycles ! Seconds S 
Inchon S M 
A 1 0,2 25.60 
2 0,203 25, '12 2 1"5XIO 3 
31 o. '198 25; 24 It 4-1 i. i. '006 
4 0,2 25,24 25 
5 0.199 .4 
25-70 2 11.25xlO 
1 0,2o4 22.50 : 4,53c 102 1 9 
2 0,203 22,10 
4 
11.64xio 2 3,28xio 11 
3 0,20 1 23.46 13 7-7x10 1 
1 ji. 54x 102' 1 
1 
*896 
4 0,203 22.10 il, 25x 103 2-5x1O 
11 
5 I 0,2 ý23-10 
i2 11.5xiO 3f 
1 
1 & 01199 20,18 1 
14 
.; 2.8xlo 
2 5.6xio 
21 0,203 
ý19101 
5 0 7-5xl 4 1.5xlO 77 
3 0.199 ig. 65 
4 
3.2x1O 2 6.4xio f 
4 0,204 18. T6 
11.5'5xlO 5 
113-IxIO 
3 
1 0,2 i16.4 14.85xlO7UB 9.6x, 05U 
2 0,2 116.4 
5 16.5xlO 
4 I 3x1O 
34 0.199 116.4 
6 
ii. 04x 10 
4 
2.09xlO . 65 
4 0,202 i 16.4 
1 
5 11*2 10 3 2. *4xio I 
%J 0 JQ%J.; ý ; IJL Av AV IL 5 2 0.202 14.88 1,, 22xlO i. 44xio 
7 3 '2 15.16 4,, 2x 1 UB . 59 0.0 UW8,4x 10 51 4 0.202 15.0 1,5.6xio 
6 
1.12xlO 
6 5 0.201 14.88 17.3xlO-UB 1.46xio 
UB - UNBROKEN. 
NUMDURS WITH *- CYCLED BY MANUAL TUP14ING OF THE ECCENTRIC 
OF THE MACHINE. 
NUMBERS IWITH '&STERISK f- SPECIMENS BREAKING BEFORE 
AMUMING THE PE.. K LOAD. 
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TABLE 26 
DYNAMIC FATIGUE. 3000 Cycles/Minute 
LUCALOX ALUMINA. Sm= 16.5 T. sio 
Specimen Dia. Pf Calculated 
I Endurance S 
Number Cylinder , Stress (S) 
S Cyclei Seconds M 
Iiii. Tons. /Sq. In. 
1 
1 0.25 16.75 
2 16-30 2 1.5 x 10 
ti. 0 
3 
1 0.25 15,5ý 3 1.6 x 10 3.2xIO . 94 
2, 15.5 4 1.08x 10 2 
4 
2.16xio 
1 0.25 13.7 5.37x 10 
4 
1-074xIO3 
2 7.8 x 103 1.56 x102: 
3 1.04X. 105 2,08 x1031; 
1 0.25 11,5 1.78X 10 5 3.56 xio3lý 
2 1.85: ý 10 3.7 xiO3' :. 7 
3 5.06x-10 B 
1 
1.01 xIAM 
1 0.25 9.46 1.3 X-107 UB 1.6 x iCýB 
2 3.5 x IOIB 7x IJUB-57 
U. B. - UNBROKEN 
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TABLE 27 
MECHANICAL FATIGUE, 500 CYCLES/MINUTE FREQUENCY 
BATCH A. 
Specimen I Diaý ofl Calculated Endurance 
'Number Cylinder Stress 'Cycles Seconds@ 
Ins. TonalSqgIfti 
1 0.19 201,5 "0 3* 
2 2.5 X10 360. 
3 1,25xiO 2 1.5xio 
2 3.33XIO 3.99xIO 
4 ------ - 
3.3 X10 3.9 
-- 
1 0119 
- ------ 
1902 
--- 3 1,9 X10 
2 
1.2,28xIO 
2 3.2xIO 3.81A 
3 5-OxIO 6 
4 6.4xio 8 
5 2 5,24xlO 11 i 6.3xIO 
16 3 8.5xIO 1,02XI03 
T- 1 0,19 17.5 
3 1.5xlO 1.8XIO 
2 
2 3 1.5XIO 
2 1.8XIO 
3 2 3-OxIO 1 3.6xio 
4 1 1 2,4xlO 3 
5 2 2,8X10 3.36x, io 
6 4 6.5xIO 7.8xIO3 
1 0119 A. 1 3 1 X10 
2 2xIO I, 
2 3 7.5xlO 2 9., Oxlo 
3 8. OX103 9.6xio 2 
4 102 8.16x 1 9.78xiO 
5 3 1., 0 X10 X102 1,, 2 
6 4.5 X103 
2 5.4 X10 
7 104 2.6x 2x, 03 3., 
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TABLE 27 (Continued) 
Spectmen 
Number 
1 
2 
3 
4 
1 
2 
3 
Dia. of I Caleulated 
Cylinder. [ Stress 
Ins. Tons /Stt. Tn. 
0"19 14. ý5 
0119 1 13.0 
Endur 
les 
3: tx 10 5 : 
58X, 05 
-I. tA. Xlo 
4,7 8x IAM 
2.8 x, 05 
5 P-39xlO 
4 ý. 55xlO 
5 4.88XIO 
6 
ý. 33xlO 
6 
UB 
4.88x-10 UB 
nco 
Sbconds 
'l-57xlO' 
6.7xlO 
1.7x, 03 
5.7x 105UB 
2. '87x 10 It 
4.26x: LO3 
5.85xlO 4 
3.87xlO 5 
5.85X105 
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TABLE 28 
MECHINICAL FATIGUE. 3000 CYCLES/MINt FREQUENCY 
DRY PURE ARGON ATMOSPHERE. Sm = 29.845 T. S. I 
SPIOCIMGý DIS.. of Calculated Endurance 
Number Cylinder Stress IS 
Ins. (s) Tons/Sq. In. Cycles Sedoilds -ýýM 
1* 0.202 31.1 3.2 x1O i 
2* 0.203 30.6 6 02 l 3 0.203 30.6 1 I , 
1 0.204 27.5 
8 
90,1 x, 03 2 1.82x 102 6 2 0.202 2 .3 4 
17 X10 2 8:. 
3. 955 
3 0.20 29. -1 4 
5 x, 0 3 46 
1.7 1 4 4 0.202 29,1 x, 0 2o . gxlo 
1 0.204 24.8 
4 4 
1.5.. x 103 3 3. 
'OxIo' 
1 8 2 0.205 2 . 8 
7.1 x 10 2 2.2xiO 1 4 
3 
3 
4 
0.201 25, 
4 4 
7.2 x 10 3 9XI0 1, I 
1 0.205 0 2 . 2.5 x 10 5.0 x1o 
1 0.204 21-03 1.77x 10ý 3.54xIOP 
2 0.201 21.9 I., 28x '06 2.56xiol, . 715 3 0.204 21.09 3.. 6 7x 104 3 34xIO 3 4 0.203 21.4 5.26x 10 1 05x 10 
1 0.201 3.8.5 7 4.88x 106 UB 5 9 76xio,, UB 
2 0.203 17.7 3.8 x. lo UB 17: 6 x1o'UB. 60C 
U-PBv - unbroken 
Numbers with asterisk - are cycles obtained by 
manual turning of the eccentric. 
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TABLE 29 
MECHANICAL FATIGUE. 3000 CYCLESIMIN. FREQUENCY 
LI(ZUID NITROGEN ATMOSPHERE. sm = 30-135 T. s. i. 
Specimen Dia. of Calculated Endurance 
Number Cylinder Stress Sm 
Ins. (S) Tons/Sq. 1n. Cycles Seconds 
1 04 : 203 31 -'0 1 
2 0.203 31.0 5 
3 Oi'ý03 31# 1.033, 
4+ 0*'204 30i7 44: 1 - 
5 0,202 30*ý 2 6468 X'10 
2 1.31 x 10 
1 
1 0.203 28. '65 9x 103 
2 
1-8 x 10 
2 0,204 28. '05 50 1 94 
3 0,204 27.8 8. *5 x 10 
2 1.7 x 10 
1 
4 0.201 28,95 1. ,5x 10 
21 3 
1 0,2 26-30 jL. 18 x 10 
b- 
2.36 x 10 
4 
2 0.203 24, '94 4.3 x 10 
4 8.6 x 10 
2 
3 0, '203 25,24 3.8 x 105 . 
7.6 x 103 . 
85 
4 0,2 26-'30 1.03 x 10 
4 
2. o6 x 10 
2 
5 0,202 25.35 1. 
. 
08 x 107LB 
IA. 
16 x 10 
5U ý 
1 0,202 22,, 50 3.98 x 10 6 7.96 X-10 
2 0,203 22,24 
7 4.67 x 10 UE 9.34 x 10-ký 737ý 
3 0,204 21*'84 8,82 x 106LIB l. '76 x 10 
4 0,20ý 22.50 
6 6,23 x 10 U4 )L. '24 x 10 
5(jh 
No's. with asterisk Specimens cycled by manual turning 
of the eccentric. 
No's with asterisk 
f Specimens fracturing before attaining 
the peak load. 
U. B. - Unbroken. 
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TABLR 30 
MECHANICAL FATIGUE. 
SURFACE GROUND 
Specimen Dia. of Calculated 
Number Cylinder, Stress 
Ins. (S) Tons/S 
1 0.2 24,. 8 
2 0 j, 
'20 2 254, ,6 
3 0*2 26. '3 
4 0-197 30,2 
5 0, '2 24.1 8 
1 0,203 22,50 
2 0,201 22.90 
3 0.198 23-78 
4 0,203 22,90 
1 0,201 18. o6 
2 01,199 i8.6o 
3 0.198 18.8 
4 0.201 i8. o6 
1 0,203 12-70 
2 0,201 12,82 
3 0.199 
. 13-36 
4 0,1 203 12.63 
5 '199 1 0' 13-36 1 
1 
1 0,20 1 9.24 
3000 CYCLES/MIN. FREQUENCY 
Sm 24.66 T. s. i. 
Endurance 
InJ Cycles 
! 
Seconds m 
7*'2 X10 
2 
15 
5 X026 
1.7 XIO 
<1 
2.5 x1o 
1 
2x 10 2 
3.5x 10 2 7 
6. ox 102 1.2x 11 
h331 
1.5x 13 3. Ox'10 1 
2.93xlO 
4 
5.86X, 02 
7.14xIO 
4 
1.43xlJ 
4.4 X103 8.8 x lol 
19 87x. 10 5 3.74xloý 
- 6.6 x105 l. '32xlO 
4 
8,0 X104 1, '6 xio4 
7.22XI05 1.44XIO 
4 
65 7.31xlO i. 46xio 
.9x 107 TiB 3 1 3 xlO% , . 7d 06" - 5.16xio UB 1,03xl 376 - 
-8.21XI 
6uý 
i. 64xiAI3 
No's. with asterisk - Specimens cycled by manual turning 
of the eccentric 
No's. with asterisk - Specimens fracturing before attaining 
the peak load. 
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TABLE 31 
STATIC FATIGUE. BATCH IBS 28.55T. Sj. m 
Specimen Dia. of Calculated Endurance Seconds S 
Number Cylinder Stress, , S 
Ins. (S) Tons/Sq. In. m 
1 0,2 28,8 7 
2 0,203 27 -'6 13 
3 0,202 28,4 61 
4 0,203 27.9 1 
1 0*205 23.4 5, '29 x 103 
2 0@201 24.3 4.8 x 10 
1 . 84 
3 0,201 24,2 5.29 x 10 
2 
0.199 24,9 1,0 x 10 
2 
0,2 22,0 2 7.43 x 10 
2 0,203 21,2 4.32 x 10 
4 
76 
3 0.199 22.46 9., 81 x 10 
4 . 
4 0.203 21,1 4.65 x 103 
1 0*2 19.9 1. ,6x 105 
2 0,201 19.4 2.87 x 10 
5UB 
. 685 3 0,203 18.8 7.95'x 10 5UB 
4 0. '199 20.18 1.6 x 10 
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TABLE 32A. 
Evaluation of windage and friction losses. 
Hammer weight 0.27 lbs. 9 and 0.49 lbs. 
R= 24 inches. 
fly 
ivy 
to 
Angle of 
i Initial lFinal Final Energy loss Total 'Energy velocity of 
release 
A degrees 
energy lAngle 
Ul in lbs. ý of 
energy 
U, in 
u uI =uo- f angle of.. -', ', 
1,6ss/degree 
in 
Impact, 
0 0 swin Hs in lbs. 
swing 0 'ý; " ' 
lb, /degree 
Si 2 R . g 
it. deg f 
* 
. 
degree s " - ! . n & it/sec, 
0 90 6.48 j 
86 6.028 0.452 176 -A . 00257 11.347 
0 75 4.8 71 4.37 0.43 146 
I" 00294 9.77 
0 55 . 
2.763 i 52 2.49 0.273 10 7 . 00255 7-41 
01 45 1.897 43 11 1.74 '4P Q 157 88 ý, i-- . 00 178 
142 6. * 
I Fý .- 
TABLE 32B. 
Evaluation offtoss' windage and friction losses, 
with broken specimens. 
0 90 6.48 82 5.578 . 902 172 00524 
0 75 4.8 68.5 4.105 . 69 5 143.5 . 00484 
0 55 2 . 763 51 2.402 . 36-1 106 . 
003 
4o 1.516 37 1.363 . 153 77 $00198 
'j, 
* v _ 
"" 
-A 
11.34T 
9.77 
7.41' 
5.489 
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TABLE 37 
The relationship between the ratio (R) of subcriticaL 
stress to britical stress and the mean number of cycles to 
failure for thermial and impact fatigue. 
'Sintox I thermal fatigue 
dT N. 
110 1.0 200--1 
875 175 4x 10 2 : 75 150 1 5x'02 
: 615 125 4 5xio 3 5 100 2 xIO 
'Sintox', thermal fatigue 
R dT N. 
1.0 260 1.0 
865 225 2.8xlO 
. 77 200 6x 10 
. 674 175 1.3XI "0 
. 578 150 3x 102 
('10 min. /cycle) 
(45 mirL6/cycle) , 
I Lucalox tq thermal f atIgue ( 10- min, /cycle) , 
0 
i6o 177 1.0 
. 96 170 10 
. 915 162 17.5 
. 876 155 320. 
'5 
. 846 150 2000 
Sintqx I (Impact) 
R dU N. 
I-----.. - 
I 
1.0 1.0 
. 846 3.341 48 
. 626 
. 46 
2.5 
1.85 
75 
465 
029 
. 23 
1.17 
0.93 
I 
8561 
1.8xi 
--O-q 
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TABLE 38 
The characteristic constants of alumIna ceramics 
to fit the formula log (S-S 
0)= 
A-B log (N 
0+ 
0) 
A B 
'Sintoxt batch IBI 
1-789 0.262 1600 
as received 
ISintoxf batch IBI 
1.9 o. 24 1070 
surface ground 
lSintox' batch IBI 
1-474 0.251 1050 
in liquid nitro gen 
ISintoxf batch 1131 
1.99 0.32 1700 
in Argon 
'Lucaloxf 
1.509 0.253 1150 
as received 
